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I'he ground state properties of carbonyl cyanide and the energies of the electronic transitions are 
determined by means of the CNDO/2 and CNDO/CI methods respectively. The calculated results 
arc correlated with the observed electronic spectra and assignments are suggested for some previously 
iinassigned transitions. The bonding and delocalization of the n electrons of the ground and excited 
stales of the molecule are discussed through an analysis of the molecular orbitals and charge density 
distributions. 

Die Figcnschaften des Grundzustandes von Carbonylcyanide und die Energic von elektronischen 
( bergiingen werden mit Hilfe der Methoden CNDO/2 und CNDO/Cl bestimmt. Die bcrcchneten 
I rgcbnissc werden mit dem bcobachteten Klcktroncnspcktrum korrclicrt; Tiir einige bishcr nicht 
kliissin/.ierte OburgUnge werden Zuordnungen vorgcschlagen. Die Bindung und Delokalisierung der 
;r-l,lcklronen des Grundzustandes und dcr angeregten /.ustUndc werden mit Hilfe ciner Analyse der 
M(7's und dcr Ladungsvertcilung di.skutiert. 


Introduction 

The absorption spectrum of carbonyl cyanide, (CN) 2 CO, has been the subject 
of a number of recent investigations. The spectrum was first studied by Kcmula 
and Wierzchowski [1] and more recently by Wicrzchowski et al. [2] who 
examined the absorption and fluorescence spectrum of the n-ni*CA 2 ^ X*A 2 ) 
transition at high and intermediate dispersion. The spectrum in the vacuum 
ultraviolet region has Just been reported by Duncan and Whitlock [3]. Only one 
resolved transition was observed between 46900 and 78100cm '. Since their 
experimental data was not sufficient to make an assignment for the above 
transition, we decided that a theoretical treatment might aid the interpretation 
of the electronic spectrum. As far as we can ascertain, no detailed theoretical 
study has been previously carried out for carbonyl cyanide. The two cyanogen 
groups attached symmetrically to a carbonyl group should provide an inter- 
esting study of the mixing of the 7t orbitals of the CO and CN groups as well as 
the mixing of the n orbitals of the atoms. 

In this paper, we report the application of the CNDO method [4 7] to the 
study of the ground state and electronic spectrum of carbonyl cyanide. This 
method should be quite suitable since it treats all valence electrons. 
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7 able 1. Bond distance and angles used for carbonyl cyanide 


Bond 

Di.stancc, A 

Angle 

Size, deg 

C^O 

1.220* 

C C C 

115 19 

(vN 

1 165* 

C C N* 

0 

C C' 

1 450 




* Assumed 


Method of Calculation 

l or the calculation of the ground slate properties of carbonyl cyanide, the 
CN 1)0/2 method [6] was adopted without modification. The parameters used 
were those developed by Pople and Segal [5,6], In this form, the method has 
been successfully applied to ground state calculations of many small molecules. 

Since the method gives very poor results when applied to the 

treatment of excited state propertie.s, the electronic .spectrum of carbonyl cyanide 
was computed using the mixlification of the C'NDO/2 mcthcxl proposed by' 
Del Hene and .lafTe f8]. This method has been satisfactorily applied in the 
prediction of both n *n* and n — n* tran.sitions. The parameters fP^ u.sed in the 
program to estimate the resonance integrals between carbon, oxygen and 
nitrogen were taken to be the same as those suggested by Jaffc [8]. In the Jaffe 
modificjtlion, the two-centre Coulomb integrals were evaluated by the extra- 
polation technique propo.sed by Pariscr [9]. However, in our calculations, we 
have used a modified Mataga-Nishomoto approximation [10] for these integrals 
since we feel that this method leads to slightly better re.sults [II]. 

The bond distances and angles of carbonyl cyanide chosen for the calcu- 
lations are given in Table I These values were obtained from a recent analysis 
of the microwave spc“clrum by Lees [12]. In their determination of the molecular 
parameters, they assumed that the C'CN chain was linear. Since their data were 
consistent with a planar structure, we assumed in our work that carbonyl 
cyanide was planar with Cj,, symmetry. By convention [ 13], we have chosen the 
C7 axis as the r-axis and the v-axis as perpendicular to the molecular plane. 

Results of the Calculations 

a) Cl round Stall’ Propi’rlivs 

The ground state properties of carbtmyl cyanide were obtained by the 
original CNDO/2 mcthtxi and also by the Jaffe modification. The charge 
density distributions on the nuclei arc given in Fig. I. These represent the flow 
of charge in the molecule from the neutral atoms. One can see that the Jaflc 
method leads to a greater total net charge on the nuclei. Both schemes lead to a 
polarization of the n electrons (formed from the 2p, orbitals of the nuclei) on the 
carbonyl group. The n bond can be designated O' and is quite polar in 
contrast to the analogous bond in formaldehyde. The n electrons of the remaining 
nuclei arc polarized only slightly. 

Berthier, Pullman, and Pontis [14] have found that the characteristic 
carbonyl stretching frequency of aldehydes and ketones gives an excellent 
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N 

CNOO/2(Pa|M 


-019 

0 



-0-29 

0 


CNOO/ZCJoffd) 


f-ig 1. Charge density" distributions for the XU, ground state of carbonyl cyanide as calculated by 
a) CNDO/2 (Pople) and b) CNDO/2 (JalT6) 


correlation with the rt-bond order of the carbonyl group. In order to assess our 
calculations, we have determined the carbonyl frequency with this correlation 
using our values of 0.913 (CNDO/2) and 0.914 (Jafle) for the it-bond order 
between carbon and oxygen. We obtained 1710 and 1711 cm" ‘ respectively, 
hx perimentally the carbonyl frequency is observed at 1712 cm"' [15]. 

Our results also show that the oxygen 2py orbital (the n-orbital) is not 
completely full. There is a “back-donation" effect present in which electrons in 
orbitals of this symmetry (h^) are transferred into the antisymmetric ClCNfj- 
orbitals forming a partial pseudo-jr bond or Uy bond. Similarly as with 
formaldehyde, there is a concentration of oxygen lone pair electrons on the 
r-axis on the side away from the rest of the molecule. 

The bond order defined as ocv 

p = 2 y r c 

‘ IIW L, III'' IV 

I - 1 

where the sum i.s over all the occupied orbitals and arc the coefllcicnts of the 
LC'AO SCF molecular orbitals gives a measure of the bonding due to contribu- 
tions by the atomic orbitals i and /. The out-of-planc n bond orders were 
determined to be 0.96, 0.27 and 0.91 between nitrogen and carbon; carbon and 
carbon; and carbon and oxygen respectively. There is some delocalization of 
the rt -electrons into the CCC skeleton but it is not extensive. One can regard 
the C C bond as essentially a single bond. This is also demonstrated by a 
comparison of the "bond indices” which appear to be closely related to the bond 
character [16]. This quantity is given by the sum of the squares of the bond 
orders to an atom and corresponds to the number of covalent bonds formed 
by that atom, corrected for the ionic character in each bond. The bond indices 
determined were 2.88, 1.02 and 1.84 for C = N, C-C, and C = 0 respectively. 
.Since these will be later compared with the values obtained for the first excited 
state, we have reported only the results for the Jaffe calculation. In any case, the 
values obtained by the CNDO/2 method arc quite similar. The value 1.02 shows 
that delocalization across the CCC skeleton is small and there does not appear 
to be a great loss in the triple bond character of C s N. This loss and subsequent 
delocalization was predicted to occur in carbonyl cyanide by Bates [15] who 
analysed the vibrational frequencies of a number of compounds containing the 
carbonyl and nitrile groups. 

Both methods yield a dipole moment [0.12 D and 0.14 D (Jaffe)] which is 
much smaller than the experimental value of 0.70 D [12]. The energies of the 
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Table Z Hncrgics and classification of the molecular orbitals of carbonyl cyanide 


.Stmmciry 

Fncrgy (a.u.l 

Symmetry 

Energy (a.u. 


-ObV.SiV 

3h, 

-0.04237 

//». 

-06.1299 

tta, 

0.02049 


f).m2.1 


0.0.P>66 

V</, 

- O-IHHH? 

Hh, 

0.05076 

10,1, 

- 0.SIT99 

4h, 

oogooo 

In. 

0 5(W/6 

. I2n, 

0.11889 

6h. 

- 0.49/99 




- OAHfMH 



7/., 

-044302 




molecular orbitals as calculated by the Jaffe version of the CNDO/2 method 
and their group the(»retical classification arc given in Table 2. 

h/ Excited Slate Properties and Spectra 

I he electronic spectrum of carbonyl cyanide was calculated with and without 
the inclusion (>f configuration interaction (C.I.). When it was included, thirty 
singly excited configurations were employed. These comprised all the configura- 
tions arising from the promotion of an electron from the oceupied orbitals 
lOu, - 5h, to the unoccupied orbitals 3h, — 12(/, inclusive. The results of the 
calculations when ( .1, was included are given in Table .3. The correlation with the 
experimental results is displayed in Fig. 2. 


lablc t Calculutcd electronic transitions in carbonyl cyanide 


1 raiisition 

Vertical 

iransilion 
energy (cm ' / 

Oscillator 

strength 

Configuration 

mixing 

T't, - 

(M "n*) 

’4 (fiN 

0 

7/., .. 
Ih] - 

f)/), -> 

3h, (9I'‘„) 
4/>, (8'V,| 
4/), d"..) 

’t, .YM, 

la •n*) 

19444 

0 

► 

Kk/,- 

4/1, (62\) 
2«, (26",.) 

Vi, 

(It -It*) 

4(1777 

10 ■* 

lOuj 

6/)j -► 

46, (.S0"o) 
2a, (4I“„) 

'H; - A '.4 , 

(It -It*) 

4.4 57S 

OtXK) 

2/1, ^ 
lOfi, .. 

46, (41"„) 
7u, (.40",.) 
7rt, (18%) 
86j (15"„) 

'.4. .V'-l, 

(It -It*! 

44040 

oo.s 

2/.,- 
lOu, 
6/)^ — ► 
lUj -* 

46, (.44%) 
llu, (22%) 
862(20%) 
202 (19%) 

',4. - A VI, 

(it-it*) 

4702.4 

0 

1 

2/1,-. 

llu, (60%) 
862 (40%) 

'B,-.YV4, 

(It --ii*! 

470.44 

0 

2h,-^ 

(<i2 

((«, (60%) 
8b, (40%) 

•B,-.V'4, 

(n-*it*l 

547S0 

0.008 

7 b,-. 

Ofl, (99%) 
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(a) (b) 

ig 2. Electronic states of carbonyl cyanide a calculated results with CM. and b experimental results 


The lowest electronic transition was calculated to be the /4 ‘ /fj — X ‘ -4 , 
brbidden electric dipole transition (n -* n*) characteristic of carbonyl compounds. 
The inclusion of configuration interaction modifies the energy of the A' A 2 state 
2 nly slightly. Hence, this state can be described fairly accurately in terms of a 
iingle configuration (~ 91 %) - the one arising from the promotion of an electron 
rom the lh 2 orbital to the unoccupied 3h| orbital. The remaining contribution 
o this state is made up of the configurations arising from the promotions 
and The Vhj molecular orbital is essentially the oxygen 

’p,. lone pair orbital (65 %). The remaining contribution to this molecular orbital 
s from a type atomic orbitals of the (CNljC framework. The 3b, and 4b, orbitals 
ire antibonding out-of-plane n* orbitals composed of the 2p^ atomic orbitals on 
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each nucleus. The 3/), orbital is antibonding w.r.t. the C=0 and CsN chromo- 
phorcs but slightly bonding w.r.t. the CCC skeleton. 4b, is the highest unoccupied 
out-of-plane n* orbital and is antibonding w.r.t. all adjacent nuclei. The bond 
indices calculated for the A' state arc 2.70, 0.98 and 1.52 for the CsN, C-C 
and (’ = 0 bonds which represents a decrease of 6.3 "ii, 3.9 and 17.4% respec- 
tively from the ground state values. Hence, the result of an excitation to this 
state would be a pronounced weakening of the C=0 bond and an increase in its 
bond length, lixperimentally, this increase is manifested in the appearance of a 
long progression of the carbonyl stretch in the n — n* transition observed be- 
tween 24390 and 38461 cm *. This stretching frequency has decreased to 
1250cm T he oscillator strength for this transition was reported as 0.85 x 10' 

T he next two lowest transitions are classified as ' A 2 -X ‘4, and 'B, -.V'4, 
respectively. The '/Ij state is a linear combination of the configurations arising 
from the promotions 66^ +3/1, and IO«,-+2u2 The and lOu, orbitals are 
best described as in-plane n bonding orbitals localized on the C = N group. 2^2 
is an antibonding tt* oiit-of-plaiie orbital localized on the C = N group. The 
'Bi state is quite similar to the above *42 stale. 

No transitions are experimentally observed in this region. The transitions are 
either t<io weak to he observed which agrees with the low value of the calculated 
oscillation strengths or they may form part of the continuous absorption be- 
ginning at 43(XK)cm"'. Wierzchowski ei al. have reported predissociation in 
the lowest >1 - * n* transition 4 *4 2 - V ' 4 , . T hey postulate that this is caused by a 
dissociative state lying close to the 4* 4, state. The state causing this predis- 
siKiation is perhaps the second ‘,42 state at 39434cm *. 

T he strong quasi-continuous absorption beginning at 43000 cm ' has pre- 
viously been assigned to either a '.4, - A'* 4,(n-^n*) or a 'Bj - ,Y‘ 4 ,(n ■■►<;*) 
transition. Our calculations give two transitions in this region; one at 43578 cm ’, 
'H, A ' .4|(7t-»7r*); and the other at 44040cm ', '.4, - A' 4,(7r-»7t*). The 
latter transition has an oscillator strength approximately ten times that of the 
fi>rmer. Our calculations tend to rule out the assignment of the transition as 
II ►fi*; our calculated values for transitions of this type are all frx) high in energy. 
Since the observed transition is strong, we prefer to assign it as *4,— A* 4, 
(rt— ;r*), a transition localized on the C=N chromophore. The *4, and 'B 2 
states are a mixture of configurations (sec Table 3). llo, and 2^2 are anti- 
bonding n* orbitals k>calized on the (.'s N group. The latter consists of the out- 
of-plane 2p, orbitals while the former uses the in-planc 2p,, and 2p. orbitals. IU 2 
is an out-of-planc blinding n orbital ItKalized on the C=N group. The 2b, 
is an in-plane bonding n orbital bonding w.r.t. C and N; slightly bonding w.c.t. 
C and O; and antibonding w.r.t. the carbon nuclei. 

The next two calculated transitions fall at 47023 cm"', ‘42- A* 4,, and at 
47034cm ', 'B, — .\',4i. Both are n-*n* transitions localized on the C=N 
chromophore and both have oscillator strengths of zero. One would predict that 
they might be too weak to be observed but perhaps could be correlated with 
the weak bands reported at 48656, 48749 and 48831 cm" ‘. 

The resolved transition between 46900 and 63000 cm"* has an oscillator 
strength of approximately 0.07. This transition could possibly be correlated 
with the transition calculated at 54780cm"', *B2-A*4 ,(w-+ji*). Experimen- 
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tally, maximum absorption occurs around 53000 cm"*. By the Franck-Condon 
principle, this would correspond to the vertical transition - the transition which 
is calculated. The computed oscillator strength of 0.008 agrees with the experi- 
mental findings that the transition is weak. The ’Bj state is mainly compost of 
the single configuration corresponding to llu, is an in-plane n* 

orbital localized on the CN group. 

Duncan and Whitlock [3] observe a prominent transition at 57600 cm"* 
which cannot be fitted into their vibrational analysis. Our calculations suggest 
that this band may be caused by another electronic transition as well as the two 
weak shoulders just above 60000cm"*. We calculate transitions at 58183, 60260, 
and 62240cm * corresponding to the transitions *fl, — .V* /li, 'A^ — X' Ai and 
respectively. These are all n-*n* and arise chiefly from the con- 
figurations 7/)2-»2fl2, 7h2->8/)2 and 7^2 -►4h, respectively. 

Beyond this point, a large number of electronic transitions are calculated to 
be present and probably correspond to the continuous absorption observed be- 
tween 63000 and 78100cm" ', the limit of the experimental data to date. 

Triplet spectra have also been calculated but arc not reported here for two 
rea.son.s. The first is that a number of the singlet and triplet transitions are cal- 
culated to have the same energy. The cause for this is that the singlet-triplet se- 
piiration is directly related to the value of an exchange integral which for 
transitions vanishes identically within the CNDO approximation causing 
the singlet and triplet states arising from such a transition to be degenerate. The 
second reason is that no singlet-triplet spectra have been reported and wc have 
no data with which to correlate our results. 


Discussion 

In general, the agreement with the experimental results is good and the 
calculations should serve as a guide to further work. One should keep in mind, 
however, that the method is an approximate one and more experimental work 
is required to verify the results, especially, in the higher energy regions where a 
large number of transitions occur. The ground .state equilibrium geometry was 
the only geometry used in the calculations. Further work is in progress on the 
study of the electronic structure of the molecule as a function of the molecular 
geometry in various slates. 

Ai knowleJgemenis. This work was nnancially supportud by the National Research Council of 
Canada. 
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I'ixtcnded HUckcl (EH) calculations on Mg, Zn. Cu, Ni, Fc, Mn, and VO complexes of phthalo- 
Lvaniiic and tctra/apnrphin arc reported and the results compared to similar calculations on por- 
phyrins. The smaller ring size of phthalocyanine gives rise to a larger ligand field. The bridge 
nitrogen atom.s give rise to n-n* transitions, which arc probably in the region of the Sorel hand. 
In Ni, Co, Fc, and Mn there is strong mixing of the bridge N(2p,) and metal ft 2 ,(i/,y), which should 
affect the ligand field. Ijitra absorption bands observed in the near ur of NiPe and CoPc arc 
attributed to (/,-•»!• transitions. A general symmetrized fiH program is reported that speeds calcula- 
tions on large systems. 

Fiir die Komplexverbindungen von Mg, 7n,Cu, Ni, Fe, Mn und Vo mit Phtalocyanin und Tctra- 
zaporphin werden erweiterte Hiickelrechnungen (F.H) durchgefuhrt und die Flrgebnisse mit iihnlichcn 
licrechnungen an Porphyrinen vcrglichen. Die geringcrc RinggrdUc dcs Phtalocyanins gibt Anlali 
zu cincm grdlicren Ligandenfeld. Das Rrucken-.StickstulTatom gibt AnlaC zu n-a*-(’lbcrgangen, die 
wahrscheinlich im Czebiet der Soret-Handc liegen. Beim Ni, Co, Fe und Mn tritt cine starkc 
Mi.schung der Orbitale des BriickenslickstolT-Atoms N(2p„) und ij.fdy,) auf, die da.s Eigandenfeld 
bccinflusscn sollte. Die zusatzlichcn Absorptionsbanden, die im nahen UV bei NiPc und CoPc bcob- 
aehlel werden, werden tl, »Jt*-(jbergangen zugeordnet. Ein allgcmeinc.s, symmelrisicrtcs EH-Pro- 
gramm wird mitgctcilt, das die Berechnung groBcr Systemc bcschicunigt. 


Introductioa 

Previous papers in this series have reported extended Huckel (EH) calcu- 
lations on a variety of porphyrins and related systems. Studies have been 
reported for porphyrin complexes with various first row transition metals [ 1-4], 
with alkali earth metals [5], and with Group IV metals [6], as well as EH calcu- 
lations on free bases of porphin (P), tetrazaporphin (TAP), tetrabenzporphin 
(TBP), and phthalocyanine (Pc) [7], This paper reports EH calculations on Mg 
and various first row transition metal complexes of phthalocyanine and tetraza- 
porphin. In tetrazaporphin the four methine bridge carbon atoms of porphin 
arc replaced by nitrogen atoms. In phthalocyanine there is an additional 
perturbation of four benzo rings fused onto exo pyrole carbon atoms. The larger 
si/c of phthalocyanine required considerable computation time using the original 
EH programs, and a newer program was developed that is reported here. It 
allows for more atoms and up to three planes of symmetry — in contrast to the 
original program that allows only two planes [1,4], This paper focuses attention 

* Paper XXVll. M. Gouterman. F. P. Schwarz, P, D. Smith, and D. Dolphin, J. chem, ' 
Physics, in press (1973). 
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on the similarities and contrasts among the porphyrin, tetrazaporphin, and 
phthahK-yaninc ring systems as shown by the EH calculations. In particular we 
consider effects on the ligand field and on electron densities. 

fhtbalocyanine molecules arc similar in many ways but differ significantly 
from porphyrins. Although they do not occur natura/Zy, since they were first 
synthesized and characterized by Linstcad and co-workers [8,9] they have 
found many scientific and commercial applications. Over 40 different metal 
complexes have been prepared, and phthalocyanincs have found uses as dyes, 
catalysts, insulators, and passive ^-switches for lasers [10], Their vapor proper- 
ties have been studied [1 1. 12] as well as their photoconductive, semiconductivc, 
anil magnetic properties as solids [13]. The tetrazaporphins have not been widely 
studied since the early reports on their spectra [14] and methods of syn- 
thesis ( I.*!]. 

The early calculations on phthaliKyanincs used one of two approaches: the 
free electron gas model developed by Kuhn and co-workers [16] or simple 
molecular orbital theory ( 17]. The former has been extended by the “projected 
electron density method” to predict bond lengths as well as spectra [18]. 
S(,'MO-PI‘l’ theory was applied to phthalocyanine and tetrazaporphin some- 
time ago [ 19] and dilTicuUies with the larger phthalocyanine system have been 
resolved more recently [20]. l.inder and Rowlands [21] have correlated 
SCMO-f 'l calculations on the excited .states of Mg phthalocyanine negative ions 
with MCI) spectra. 

While all the above calculations have only included n electrons, there have 
been a few attempts made to investigate the interaction of the metal with the Pc 
ring, Ponomarev and Kubarev [23] empirically treated the effects of the metal 
in a simple Hvickel MC) calculation. As an aid in analyzing the F.SR spectrum 
of CiiPe, Chen et af. [24] u.sed a limited lill model to consider the interaction 
of Cii with the inner 16-membcrcd ring of phthalocyanine. Kramer and Klein 
125] used the PH method to correlate the calculated charge density of Fe in 
f ePc with .X-ray photoelcctron spectra. Recently Mathur and Singh [26] have 
carried out a limited HM treatment of several metal phthalocyanincs, but their 
unreasonable results suggest some type of error. Recently Menriksson. Roos, 
and Siindbom [27] treated CuPc by the “peel" electron method. This takes 
account of the 40a electrons, metal 3t/, 4.s, 4p electrons, and the Sir orbitals of 
the inner and bridge nitrogens. Unlike the other calculations that include the 
metal electrons, the peel method takes explicit acxount of two-electron inter- 
actions. The calculations reported here are the only ones that include all valence 
electrons of the whole molecule, but unlike the peel calculations, two electron 
interactions are not explicitly included. 


Symmetrized Extended Hikkel Program 

While some of the calculations reported here were done with a symmetrized 
FH program originally written by Zerner [1. 4], most were performed by a revised 
more efficient computational method. While the Zerner program can handle up 
to two planes of symmetry, the present program can handly up to three. Written 
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for the CDC 6400, the present program will handle many more orbitals. It would, 
however, require modification before it could be used on any other computer. 
In this section we review the approximations of the EH method and how they 
were incorporated into the present program. 

In this version of self-consistent extended Hiickel theory the basis set is 
assumed to be the minimum set of SCF atomic orbitals. The overlap between 
these orbitals, is approximated by <</),• |(pj> where ip, is a Slater-type 


orbital 


<Pi= Nr " * e X spherical polynomial 


( 1 ) 


with ^ chosen so that ip, and 0, give about the same overlap integrals at normal 
bond lengths. The Hiickel operator is approximated by 

<0.- 1 H 1 0j> = + a,-) {K, -h Kj) <<p, | cpj} i ^./ 


The diagonal elements a/ arc approximated by 

a,=af(l-|</j)-l-|qja,^ (3) 

where a ^ or a is used as </,. ^ 0 and where is the net charge from the MuJliken 
population on atom v associated with orbital i. The free atom valence state 
ionization potential is used for the a? of C. N, O, H while atomic orbital 
ionization potentials are used for the metals [4]; the corresponding ionic 
ionization potentials arc used for a*. The empirical interaction constants K, 
were all cho.sen to be 1.89 in these calculations although the program allows 
dilTercnt K, for each electron shell in each atom (but not for different azimuthal 
quantum numbers within a shell). 

The actual calculations are carried out with some symmetry factorization. 
The program can handle up to three mirror planes at right angles. If (^, is an 
atomic orbital, then a symmetry adapted group orbital <j), f may be defined as 

0..r = 2 n (' (4) 

all mirror 

where N, is the number of mirror planes containing 0, and y/((T)= + 1 is the 
character of reflection a in the irreducible representation T, With this nor- 
malization. the non-vanishing reduce to 

0i ^=n'(l (5) 

where the prime indicates that the product is over all planes not containing the 
atomic center associated with 

The overlap matrix between group orbitals is approximated by 


<0i,i 1 0j.r> = < n'( 1 -I- Xr(<^) <Pi I n"( 1 -I- z, (<r) a) (p j> 

= 2‘'<(p,|n"'(l + yr('^) a) (pj> 

where q is the number of planes in P|' containing the atomic center of <pj plus 
the number of planes in f]" containing the atomic center of tpi and fj'" is a 

a a 

product over mirror planes not containing the atomic center of <Pi or (pj. This 
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reduces (he formula for the overlap to the minimum number of unique 

intcgrala ■ ,r j ■ 

The Hiicke! matrix may be similarly simplified since 


(i.c. A', and A' 
assumption. 

and 


((P,!Hla((>j}= i(x,- + xj) (K, + Kj)(<^il a<f>j} (7, 

arc chosen equal as are xj and x%, and q, and q^fj. With this 
<d>,./ Iff I </»//> = i<x, + x^) {K, + Kj) (^i,r\<f>j.r> ' ^.i (S) 

<</>., |f/|</>,; > = ^.K<<^..rl</>u-> + - ^i) (9) 


where is the total number of mirror planes. 

I hc charges q,, are defined for the molecular orbitals i/’i.r ^nd the orbital 
occupation numbers ii, by the equations: 






To, .,(<!> 


where Z,, is the core charge i>l atom r and 

0,j ^‘k ■ 

This can be rearranged (o * 






I J 


o',j I "I • 

k 


( 10 ) 


( 11 ) 


Hence the Hiickcl matrix elements arc computable from and the 

individual overlap integrals ((p,\(pj} do not need to be retained after the reduced 
overlap elements are formed. 

The program operates in a standard fashion with the Givens procedure as 
modified by Householder and Wilkinson [28] used to find the eigenvectors of 
the Hiickcl matrix after it is transformed to an orthogonal basis by a Schmidt 
transformation. The only non-standard algorithm is that involved in the 
evaluation of <(/>, |(p^>. Rather than use the formulae for each different overlap 
of S rO's, an exact numerical integration is u.sed [29]. This algorithm is ba.sed 
on the fact that the overlap integrals arc separable in elliptical coordinates and 
the points and weights fur each of the three one-dimensional integrals in that 
coordinate system are easily computed and rotated back into cartesian coordi- 
nates. Further efficiency is gained since the same set of points will work with all 
a/imuthal quantum numbers. The overlap routine will handle principle quantum 
numbers up to 6 and angular momentum up to I = 3. 


Geometry 

Although there have been several recent reviews on the X-ray structures of 
porphyrins [30.31], there has been no similar recent review on the X-ray 
structures of phthalocyanine. Very little was done following the original 
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pioneering studies of Robertson and co-workers [32-34] until recently. In the 
f last few years additional structures of phthalocyanines have been reported: the 
two polymorphs of PtPc [35]. a neutron diffraction study of H 2 PC [36], 
MgPc HaO fpyridinclj [37], ^-CuPc [38]. (Mn(III)Pc Pyridine)^© [39]. 
Sn(ll)Pc [40], Sn(IV)Cl 2 Pc [41], a 4:1 amine complex between FePc and 
4-methylpyridine [42], a 2 : 3 complex between ZnPc and n-hexylaminc [43], 
and Si[CH 3 ][OSi(C 2 H 5 ) 3 ]Pc [44], Only the structures of the Mg, Cu, and 
Sn(IV) compounds have been solved with an estimated standard deviation of 
less than 0.01 A. An analysis of these structures leads to several general con- 
clusion.s about the relation of phthalocyanine and porphyrin geometries, which 
wc shall discuss in terms of the numbering scheme given in Fig. 1. We shall 
assume D^.,, symmetry. 

! (1) If the hole size is taken as the distance from the center to N,, phthalo- 

f. cyanines are on the average 0.065 A smaller than the corresponding porphyrins. 

(2) Concomitant with point (1) wc find that for a given metal, the center to 
N,(, distance is 0.05 A smaller in phthalocyanine than in porphyrin. (However 
for nickel this distance is 0.1 3 A shorter, which may be exaggerated by ex- 
perimental error.) 

(3) The C 2 i-N,-C 3 i bond angle is about 3 less in phthalocyanine, pre- 
sumably a consequence of electron repulsion involving the lone pair on the 
trigonally hybridized nitrogen atom. 

r (4) The Cn-Ci 2 bond length in phthalocyanine is larger than in porphyrin, 
indicating less interaction between the inner I6-membered ring and the 
; remaining electrons. 

There are a number of structural reasons why the properties of metallo- 
phthalocyanines may differ from the corresponding porphyrins. These may 
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Table I. Cnordinatcs (x. y) of tetra^aporphin and phthalocyaninc in A 


Atom 

( uPc 

CuTAP 

Cu 

10.01 

(0.0) 

N ,,, 

(0. 1 

(0. 1 925) 

Ci, 

( 1 too, 2 745| 

(1.(00.2.745) 

( .. 

(0 701.4.142) 

(0 6X1.4.142) 


1 1 407. 5..t.t7) 

(1.221.5 002) 


(2 4K7. 5 2.27) 


< .. 

(0 709. (>.52.2) ■ 



( 1 249. 7 45KI 


N. 

(2.276. 2.276) 

(2.276. 2.276) 


lablf DisI.imlc 

III! Ai Irom plane 

ol mclal I.Vf) and any lllih coordinating atom (/.); distance from 
ceiitci ol N,„ 


Ml.’) 

!(--) 

N,„lii 

My" 

0 45 


1.99 

VO 

II 4X 

2 1 1 (0) 

1.99 

Mil 

0 


1.99 

1 c 

0 

|175|N„„ir 

1 ‘W 

( o 

0 

|I95(N,.„)| 

1 90 

Ni 

0 

|l•A5lN,.„)| 

1 90 

( 11 

0 

1.925 

/ilIV 

(I44X 


1 ‘W 

/ill AP 

(1 


2.(X) 


' (ieonielrv ol remiiiiimf! ,iU>ni> lakcii Irom X-ray structure n7|. not Irom luble I. 

’’ Indicates the iteonictry used lor the mono and bispyridme complexes of I c and Ni and the mono- 
pYndinatc complex ol Co. winch were culcululed as discussed in the text. 


include (i) presentx* of ben/o groups, (li) azit nitrogens at the bridge positions, 
(iii) diflerent skeletal geometry, and (iv) difTcrent metal-nitrogen bond distances. 
In order to determine the influence of the.se last two factors, LH calculations were 
performed on vtirious skeletal geometries for a given metal phthalocyanine. 
These calculations arc discussed in more detail elsewhere [45]. In this paper, 
except for MgPc where we used a recent X-ray structure [37]. we used the 
geometry of CuPc [38] as standard with the inner nitrogens moved out from 
the center to distances appropriate for the given metal. The structures used are 
given in Tables 1 and 2. For Fe. Co. and Ni. calculations were al.so done with 
pyridine as a ligand with geometry given in Table 2. 


Results 

A. Mg and Zn 

Fig. 2 compares the MO energy levels of ZnP, ZnTBP, ZnTAP, and ZnPe. 
The effect on the n MO's is as expected: and e^lTt*) of phthalo- 

cyanine are lowered by about 0.6. 0.-3. and 0.5 eV respectively relative to 
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Pc TBP TAP P P TBP TAP Pc 
hig. 2. Top filled and lowest empty a and <7 MO's of ZnPe. Zn I BP, ZnTAP, and ZnP 


tetrabenzporphin, while « 2 „(»r), ai„(7r), and e^{n*) of tetrazaporphin are lowered 
by about 0.7, 0.4, and 0.6 cV respectively relative to porphin. More low energy 
n* orbitals appear in ZnPc and ZnTBP as compared to ZnTAP and ZnP. Also 
low energy Tilled Np, orbitals, due to the bridge nitrogens appear in ZnTAP 
and ZnPe. Fig. 3 shows the orbitals of MgPc and MgTAP, which are essentially 

the same as the Zn complexes, except for a low energy empty ail3pj) at 7 eV, 

.slightly above the range of the diagram. 

Are there any spectral elTects due to these orbitals? Although there have 
been many studies of film and crystal spectra [46-48] as well as photo- 
conductivity responses [49, 50], solution or vapor spectra are more useful for 
comparison with our calculations. Edwards’ [12,51] studies of phthalocyanine 
show for Mg and Zn five absorption bands assigned as nn*: Q, B, N, L, and C, 
whose maxima are approximately 15200, 31 300, 36400, 40800, and 47600cm ‘ 
respectively. The spectra of tetrazaporphin have been less extensively studied 
[15,52]. There are visible and Soret peaks at 17000 and 29 500 cm” ‘ with 
little study of the higher energy region. The nn* spectra are well accounted for 
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by SC'MO-PPP calcujations [19, 20]. The Q band is relatively pure aij7t)-*eg{7t*), 
so there is some point to compare our EH calculated energy to the average of 
the lowest singlet and triplet transition in Pc. where the triplet is known [53], 
Our calculated result ranges from 12800 to 13400cm' ' while the experimental 
range is 11 8(K) to 12500cm" We predict the blue shift of the band in TAP. 

The top filled Np„ orbitals in TAP and Pc may be expected to give rise to 
transition.s, with being allowed, z polarized. The energy diagram 

of l ig. 2 suggests these transitions arc at lower energy than the Q bands, and in 
fact near ir absorption is observed in solid phase [48]. However, the fact that the 
Q band fluoresces [II] is very strong evidence that it is the lowest excited singlet 
state in Mg and Zn complexes. The calculations of Henriksson and Sundbom 
[.54| on free base phthalocyaninc put the lowest energy Np^-n'g(7t*) in the 
.Sorel region. The EH calculation.s, while calibrated to fit nn* tran.sitions, seem 
to generally underestimate transitions involving transfer of charge. We believe 
that underlying Np, transitions are responsible for the broadening of 

the Soret region absorption observed in TAP and Pc as compared to P and TBP, 
in accord with the observations of H(x;hstrasscr and Marzzacco [55] that 
underlying nn* transitions cause diffuseness in nn* bands. 

I here is other o.xpcriinental evidence for the existence of al Icjist one nw* 
transition between 15(KX) and 3(KKK)cm Ir. Mg tria/.aletrabenzporphin there 
is a weak hut distinct band at ~ 22(KK)cm ' [56], This band could be very well 
due to a tin* transition, forbidden in a molecule. 


H. C u 

1 ig. 3 gives the MO diagram for C’uPc and C'uTAP. While the diagram 
shows ,d above it is the former that contains the odd electron as 

shown by 1.SR [24, 57, 58 ]. If the odd electron is placed in ('„(7r*), the EH calcu- 
lation shows a strong reversal of their relative energies. While the diagram 
suggests that ,j) *(',(71*1 should be low in energy, the observation of 

phosphorcscencv [53] shows this is not the ca.se as docs the peel calculation of 
Henriksson cl <il. [27]. 

1-rom the E,SR and magnetic properties [59,60] the ligand field order has 
been established; which exactly matches calcu- 

lated results, (The four lower energy tl orbitals are not shown in Fig. 3.) Because 
the d, energy is so low, it mixes little with Cg(n*) as shown in Table 3. 

Using certain approximations, one can use the ESR [57.58] and the 
magnetic susceptibility results [60] to calculate both the amount of metal 
delivcali/ation and the ligand field splitting. Due to experimental uncertainty 
and the approximations involved, a range of values for these properties are 
obtained. The "experimentar d,,-»dj,j_,i energy separation varies from 26000 
to 3I(X)0cm"' while the d„-*d,j .,.2 gap varies from 17000 to 29000cm' ‘. 
This compares to our calculated values of 33400 and 32500cm“‘ respectively. 
We find (sec Table 3) that the orbital is only 28% localiz^ on Cu 

while ESR results lead to a value ~70% [57.58], From the ESR experiments d,, 
and d, are found to be ~ 100% [57. 58] and ~ 55% [58] localized which may be 
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1 ig. 3. Top filled and lowest empty MO’s of ZnPc, f'uPc, MgPc, ZnTAP, CuTAP, and ZnTAP 


compared to our values of 92'Yi and 40") respectively. Again our values are too 
low, but it should be noted that in the interpretation of the experimental ESR 
spectra, only interaction with the central nitrogens was considered. Henriksson 
ct al. [27] found to be 71/0 localized on the Cu. 

The crystal structure of CuPc [38] indicates that the molecule is not 
perfectly D^,,. It is almost surely in solution and vapor, but it is po.ssible that 
crystal packing forces perturb the molecule slightly away from fourfold 
symmetry. To determine the effect of such a slight perturbation on the ligand 
field splitting, we used the geometry of Brown [38] directly; consequently, the 
angles between the pyrrole nitrogens and Cu are no longer 90%. In this con- 
figuration the bif{d^ 2 -yi) orbital is no longer pointing directly at the four 
pyrrole nitrogens. It thus has less antibonding character and as a result its energy 
is lowered ~1.1 eV and its metal composition increases to 60%. The effect on 
the n orbitals is small although Cgitt*) is now split by 0.1 eV. This calculation 
indicates that even small distortions away from fourfold symmetry will have a 
large effect on ligand field splittings. 
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Table f I’crconl composition of top filled and lowest empty orbitals in phthalocyanincs* 


((j.tjT) 



f'l, 



t .4 

Mp 

til fi 

2 7 

214 

12,8 

/n 

W)4 

2X 

2.4 4 

14,4 

t n 

57 4 

2,6 

25 5 

14,5 

Ni 

Wl4 

2,8 

21 4 

114 

( o 

wts 

28 

2.1. .4 

144 

1 e 


2.5 

2411 

1.4.6 

Mn 

5‘J t 

2 t 

24 7 

117 


IlljT}) 



N,„ 

' M 


5 1. 

(',4 

N. 

4r.- 

Mp'' 

12 (. 

1 6 

24 

0 1 

1.6 

.54.0 

.4.7 

/ii 

■>6 5 

1 0 

5 4 

0 1 

4.8 

56.4 

4..4 

('ll 

118 

1 5 

4.0 

0 1 

2 8 

5.5.5 

2.4 

Ni 

11 1 

1 8 

58 

0 1 

4.4 

.54,5 

2.2 

( o 

2(1 ‘J 

2 1 

/8 

0 2 

6.0 

54.6 

2.4 

Ic 

112 

1 1 

1 4 

0.1 

2 2 

58.2 

1.7 

Mm 

15 6 

0 0 

2.5 

0.1 

1 8 

57.0 

1.2 


iV/r*) 








N,„ 

<11 


C.I 

<■,4 

N. 

.4ii. 

Mp 

15 •) 

11,8 

10.7 

6,0 

8.8 

26,5 


/.II 

14 2 

11 6 

II 4 

58 

0 5 

270 

-'0.1 

( u 

14 5 

11 2 

112 

66 

10 2 

2.5.0 

0.4 

Ni 

156 

II 0 

10 8 

5.0 

02 

24.6 

2.0 

( o 

15 6 

20,8 

10.7 

56 

0 0 

24.6 

4.7 

be 

110 

10,1 

fl 2 

5 5 

02 

27..4 

2.6 

Mn 

145 

.VI, 1 

10.0 

54 

0 1 

26,0 

4.1 


e,(N/M 


‘'i.lNp,) 





N.l 



N,(2s) 





Mp 

600 

21 2 

7.4 

68.1 

0.4 



/n 

.50.1 

18.8 

8.0 

68.6 

7.5 



(.11 

50 0 

20.6 

7.7 

67.8 

8.0 



Ni 

60.5 

10.8 

8 1 

60.2 

8.4 



(.'o 

61..1 

20,1 

7.8 

68.4 

0.1 



Ic 

62 5 

21,0 

7.1 

66,2 

8.5 



Mn 

64,1 

10.7 

8.2 

64 5 

7.7 




bj.lNp,) or h^^Ut^yV 







N.lipJ 

N,,)(2p,l 






Mg 

71,8 

1.5.7 






/n 

11.1 

14.2 

0.1 





Cu 

71,0 

15.4 

1.6 





Ni 

40,4 

10.0 

41.5 





Co 

40,2 

8.7 

54.8 





Kc 

38,6 

0.0 

42.5 





Mn 

26,1 

7.0 

60.1 
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Table 3 (Continued) 


1 


Z 

c 

N,o(2p.) 

3d^I-y2 

Mg" 

3.9 

2.5 

65.6 



/.n 

3.6 

4.6 

68.0 

3.6 

I'u 

1.7 

5.1 

58.4 

28.1 

Ni 

0.7 

4.8 

40.9 

50.4 

lo 

0.6 

4.8 

39.8 

53.2 

Fc 

1.0 

3.5 

41.8 

49.7 

Mn 

0.9 

3.6 

41.0 

51.1 





•■.(ir) 


N,(2p.) 

4.V 


3d. 

Ni 

4.4 

3.5 

83.0 

83.5 

C'o 

3.8 

4.2 

870 

83.9 

Fc 

8.3 

4.4 

73.1 

85.1 

Mn 

6.3 

5.8 

81.8 

84.1 


h2,<dj 






N,„(2pJ 



Ni 

34.0 

5.9 

5.5.4 


Co 

44.9 

8.1 

40.9 


Ic 

36.0 

5.1 

55.3 


Mn 

47.2 

7.4 

36.4 



* I'hu total electron density for all related atoms. For a orbitals and non-planar Mg and 
/.n a orbitals, not all atomic orbitals with density arc listed. 

-Vj oI MgPe. 

‘ The h 2 ,(Np„) orbital lor Mg, /n, and CuPc, otherwise b 2 ,{d„). 

“ The h,,(Np„) of MgPc, 


C. Ni 

Fig. 4 gives the MO diagram for NiPc and NiTAP. The shows a 

curious behavior, which also occurs in Co, Fe, and Mn. It can be seen in the 
figures and in Tables 3 and 4. The d^y orbital, which is 96% pure in porphyrins, 
combines with the h 2 »(NPff) of fhe bridge nitrogens to give two orbitals. We call 
the higher energy orbital and the lower energy orbital b 2 ,{d^y). Although 

our BH calculations usually overestimate delocalization of d orbitals, we believe 
the different behavior of the d^y in TAP and Pc as compared to P and TBP due 
to the bridge nitrogens is real. As discussed below this delocalization may have 
effects on the magnetic propterties and may also influence the absorption spyeetra. 

There are two spiectraf phenomena in Ni complexes that should be noted, 
(i) There is no luminescenee of Ni complexes of pxtrphyrins [61] or phthalo- 
cyanines [53]. (ii) NiPc shows unusual absorption bands in the near UV at 
35200, 42600, and 45900 cm [12]. The lack of luminescence suggests that the 
partly filled d shell gives rise to transitions at lower energy than nn*. Fielding 
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1 able 4 I'crcent compoMlion of the ligand field orbitals of tetrazaporphins* 

,j) 



N,(2p,l 

N,„l2s) 

N,„(2p,l 

3d,,, ,, 

Mg" 


43 

75.4 


/II 

2S 

2K 

7fi,l 

3.0 

Cij 

I 1 

.1.2 

5y.y 

2S.2 

Ni 

(H> 

4.x 

41.6 

50.2 

( o 

Ofi 

4.8 

40.4 

51.6 

I 

()>> 

Xf> 

42 4 

49.5 

VO 

0 7 

4 5 

24 0 

35.7 





N,(2pj 

N,„l2/>,) 


3d., 

Ni 


>»X 


50.3 

( i> 

26 X 

X.2 


.50 7 

1 0 

14 X 

•M 


4X6 


3i/,, 


Ni 

41 X 

XO 

45.8 


(I) 

40,6 

y s 

.15.8 


Ic 

14 5 

6.1 

47.5 


VO' 

6 2 

1 2 

X6.X 



<(,,(d .1 



I'.ld.) 


N,„(2/-j 

4\ 

i<L 


Ni 

IX 

16 

X6.6 

84.5 

( tl 

3.7 

4.1 

XX.O 

82.0 

Ic 

X3 

4.x 

7X.1 

84 9 

VO 

2.1 

3.2 

54,X 

62.8 


‘ I he Idliil elevlron density (or all rclalcd atoms 
rhe li,,(Np,) of Mg l AI’ 

' No orbital for VO TAP. 


and MacKay [46] observe bands at ~6400cm~‘ in NiPc that they assign to 
(/ — J transitions that would provide a radiationless path to the ground state. 
Our energy gap for dd transitions in Ni is very large, which would suggest that 
any low energy </- 1 / transition must be a triplet. If there is no singlet below the 
singlet t:ti* then Ni complexes may show a weak fluorescence, as do Pd 
complexes [53, 62], a point that may have escaped experimental notice. 

It has previously been suggested that the unusual absorption bands of NiPc 
in the UV region arc dn* in origin [12]. There are two reasons why phthalo- 
cyanines have many more metal dependent bands than porphyrins; (I) additional 
dclcKalization of metal orbitals in phthalocyanines to give greater intensity to 
dn* transitions; (2) additional number of low lying empty n* orbitals to give a 
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LIGAND METAL 



l-'ig. 4. Top filled and lowest empty MO’s of NiPc. CoPc. NiTAP, and CoTAP. The ligand and metal 
orbitals arc indicated separately. No fifth or sixth ligand on metal 


greater number of allowed transitions. Table 5 lists the allowed dn* transitions 
with orbital energy differences of less than 45000 cm ' ' for Ni porphins [1] and 
phthalocyanines. Originally Edwards and Gouterman [12] assigned the NiPc 
near UV bands to h 2 g(d^y)->biJn*), since d^^ is now considerably delocalized. 
However, this transition is z polarized and even with the increased delocalization 
is probably too weak to explain the high intensity of these bands. Therefore, we 
propose that the three metal dependent bands of NiPc correspond to the three 
d„-+7t* transitions listed in Table 5. The fairly high intensity of these metal to 
phthalocyanine transitions is partly a consequence of the increased delocalization 
of the orbital in phthalocyanines compared to porphyrins. This in turn is a 
resuh of the decreased metal-nitrogen bond distance in phthalocyanines. For 
example, d^ is an 83.5% metal orbital in NiPc with a Ni-N bond distance of 
1.90A (Table 3), while in NiP 4, is 90.0% localized for a Ni-N distance of 
1.96A[1]. 
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Table 5 Calculated energies (cm ') of allowed d-^n* transitions in NiP, NiPc, CoP, and CoPc* 


I ransiiion 

Poluri/ation 

NiP 

NiPc(X) 

CoP 

CoPc(XII) 

I’V'L. 


- 


2()X(X) 


19500 



r 

25(XX) 

nm) 

2.T4a) 

26500 

<1 . 

1 ’ll^„|7I*| 

j 


.tl 2(X) 


29300 



V] 

24‘)(X) 

24I(X) 

2.‘i2(X) 

22500 





27(XXI 

.Ifi(XX) 

25300 

‘■J'O 


V) 


M9(X) 


30100 


■’ Duly alliiwed tiansitiniis with orbital energy differences iil less than 45lKX)cni ‘ were includcil 
in tile labk 


Itibic 5 indicates that the »/»i„(7r*) transition could possibly also be 

obscTved tn Ni and Co porphyrins, although with a decreased intensity. The 
experimental vapor speelni of Co and Ni oetacthyl [63] and tetraphenyl [64] 
porphins do not preclude this possibility. In the 3()()(K) to 40000 cm ‘ region 
ol the Co and Ni riM’'s there seems to be an underlying band which is not 
present in Cu. Zn, and MgTPP 

I he energy of NiPe and NiTAP were calculated for a wide range of skeletal 
geometries and Ni N|„ bond distances [4.*)]. The results demonstrate that TAP 
is a good model for Pc since geometry changes have similar effects on the 
d orbitals. The h, ,(</,.•. ,d orbital energy is very geometry dependent. A point of 
interest is that for equal Ni N bond distances, Ni’f BP and NiP have a higher 
calculated ,i) energy than NiPc and Nil'AP. Therefore, the increased 

ligand field splitting of phthalocyanincs relative to porphyrins is not due to 
substitution of C H by nitrogens at the bridge positions, but to a decrease in 
the mclal-mirogen bond distance. 

I hc energy of the Nn, and v. orbitals is cs.sentially unaffected by changes in 
the Ni N distance but is dependent on skeletal geometry. For example, e^(n*) 
decreases by '().2cV when the TBP geometry is used for NiPc. 

As e.x peeled, the amyiunt of rnctal orbital dcUx-ali/ation increases as the 
Ni N distance decreases. The composition of and is especially 

susceptible to geometry changes. The composition of these orbitals would be 
very sensitive to ring substitutenls rather than to axial ligands. 

Our calculations clearly indicate NiPc and NiTAP to be diamagnetic with 
h,„(d^,)<e^(d„)<Uig((/,d<h;,((/„.) «/>„((/,, vd Isee Fig. 4). The calculated 
energy gap between and ,.d is strongly dependent on the Ni-N 

distance; c.g., it decreases from 3.84 to 2.52 eV as the Ni N distance increases 
from 1.83 to 1.96 A. 

(3nc would like to use this result to explain why NiPc shows no tendency to 
form paramagnetic six coordinate derivatives [13] while nickel porphyrins do 
form high spin complexes with nitrogen bases [65]. To test this point a calcu- 
lation was made on a NiTAP dipyridinc octahedral complex. The two pyridines 
raise the energy of d.t by 2.75 eV and by ~0.13cV. This result does 

suggest that NiTAP (and NiPc) would be paramagnetic in the presence of fifth 
and sixth ligands. That such octahedral coordination is not formed may be due 
to the small size of the Pc and TAP rings. It is well known that high spin Nifll) 
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complexes normally have Ni-N bond distances greater than 2.0A. In order to 
acconunodate a high spin Ni(ll), the porphyrin ligand can expand its hole size, 
while for phthalocyanine, such an expansion is impossible. The geometric 
explanation for lack of formation of pyridine complexes is further supported by 
the higher positive charge in NiPc compared to NiP - which would tend to 
favor complex formation. 

D. Co 

Fig. 4 .shows the MO energy levels of Co in comparison with Ni. The major 
differences from Ni are the shift of the d levels to somewhat higher energy 
particularly - and the unpaired electron in orbital a,^(r/. 2 ). However, 

our results for CoPc (Co N distance = 1.90 A) clearly indicate that the odd 
electron should go in the h^gid^^) orbital. Unfortunately, this does not agree with 
the conclusion drawn from studies on the magnetic properties [59,66] and 
[■-SR [67,68] of CoPc. All studies seem to agree that the odd electron is in d.i, 
in accord with the observation that the ESR of CoPc is solvent dependent while 
CuPc is not [59,67]. The abnormal temperature dependence of the magnetic 
susceptibility of CoPc [59] suggests that and ^B 2 g mix in with the 
ground state. 

The calculated h^g{d^^) — a^Ji,d.i) energy gap is not very sensitive to changes 
in the Co N distance. Increasing this distance from 1.87 to 1,96A docs not 
change the energy separation by more than 0.04 eV. In the crystal, however, one 
has N atoms of parallel molecules lying above and below the molecular plane 
~3.4A from the metal atom [34], This will tend to raise the energy of d.i 
relative to thus approaching the experimental result. The energy of the d^i 
orbital is very sensitive to the presence of ligands; e.g., placing one pyridine 
2.0 A above the plane of CoTAP raises the d .2 energy by ~ 1.5 cV. However, the 
odd electron in d ,2 actually prevents the close asswiation of any ligands [13]. 

As for allowed bands in the near UV. CoPc has the same possibilities as 
NiPe. as shown in Table 5. One extra band is observed [12]. Since the CoPc 
transitions arc generally calculated to be red .shifted with respect to NiPc, it may 
be that some are buried under the Soret band. The hole in a,g{d. 2 ) allows for low 
energy z polarized transitions U 2 ii(rr)->u,,(</. 2 ). This may be observable in solid 
near ir absorption. Also low energy dd transitions are possible and would 
provide pathways for radiationless decay. 

E. Fe 

The MO diagram for FePc and FeTAP is given in Fig. 5. For FeTAP Fig. 5 
also shows a calculation with a shortened Fc-N,o distance, the only effect being 
to raise h^gid^i _yj). Consistent with the high energy of this orbital, all investigators 
save one [69] conclude the spin is S= I. This can be compared to Fe(Il) TPP 
with no ligands, which is clearly high spin [70]. High spin requires a substantial 
lowering of h^gid^j-yi) in porphin. We believe the principal cause of this difference 
is the larger size of the Fe N,q distance. In Fefll) porphin the energy of 

^>igid .^! is 8.4cV for a planar Fe N distance of 2.05 A while in Pc and 

TAp the energy of this orbital goes from —8.0 to - 7.7 cV as the Fe -N distance 
decreases from 1.99 to 1.95A (Fig. 5). 
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LIGANO 


-75H 




bzulir*) 


-8bH 



METAL 



c>; 

*1 -9 5 

C 

£• 

■Q 


e,(rr‘)- 


10 


eu<Np,l»^, 

-I I 5-1 


-^Oi9 (■>.*) 


■e, (d,) 


Qlg^Npcrl ■'s' 

b,g(Np,).ac,, ^'^.'. 1 '.^ 
FePe FeTAP FeTAP 


b2g(d„) 


Fe'Pc FeTAP* FeTAP 


Hg ^ l op fillcil and lowest empty ligand and metal MO's i>f PePe and KcTAP. P'or I'cTAP* the 
P'c N|<, distance was decreased to t.95A. No fifth or sixth ligand on metal 


There is some disagreement over the FePc ground state configuration. 
Dale et al. [71] claim a ground slate while Barraclough et al. [72] interpret 
the magnetic susceptibility and anisotropy data as implying a ground state. 
We predict one odd electron in and one in h^gid^y), although in Fig. 5 

we show one odd electron in eg{dj and one in Ugid.i). 

From results of Paper VIII [3] it is clear that raising Felll) out of the plane 
by ~ 0.49 A will make Fe(ll) porphin high spin. Since the radius of the phthalo- 
cyanine ring is at least 0.05 A smaller than the corresponding porphyrin, in 
order to make FePc high spin, the Fe will have to be brought out considerably 
farther than 0.49 A. This will weaken the Fe--N bonds considerably, thus making 
high spin FePc energetically unfavorable. We did calculations on FeTAP- 
dipyridine which clearly indicate this molecule to be diamagnetic in agreement 
with experimental measurements [59, 72]. 

The opening of a hole in eg(</„) in Fe (and simibriy for Mn) opens the possi- 
bility for low energy charge transfer transitions a,,(jr) or a 2 g{n)-*eg(d^). These 
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arc (.x,.v) polarized and may possibly be easily observed in the near IR. Finally 
we note that with a pyridine ligand we Find a possible 
[Djt notation] charge transfer transition. The is ~ 80% localized on the 
metal while hj^,{2p*) is ~98% localized on pyridine. The orbital energy 
difference is about 22 500 cm which agrees amazingly well with the charge 
transfer transition found by Dale [73] in FePc (pyridinelj at 24100cm“*. 
Kobayashi and Yanagawa [70] assigned the band at 21000cm“‘ in Fe(II)TPP 
(pyridine )2 to charge transfer from iron to pyridine. As a result of our calcu- 
lation this assignment seems entirely reasonable. 

F. Mn 

MnPc again demonstrates the difference between porphyrins and phthalo- 
eyanines. MnPc forms an intermediate-spin, S — i/l, four coordinate complex 
[59, 72], while Mn porphyrins form a high-spin complex that is most likely five- 
coordinate and non-planar [74], Our calculated results for MnPc (Fig. 6) are 


LIGAND METAL 
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again unambiguous. An ground state is indicated. The 

magnetic moment of MnPc being larger than the spin only value implies that 
there is a mixing of the ground and excited spin states [72]. Barraclough et al. [72] 
prefer a ground state with mixing coming from the dld^yd.i state. 

G. VO 

1 he MO diagram for VOTAP is given in Fig. 6. Wc find the odd electron in 

Ikeause of its relatively high energy, this orbital does not interact with the 
ring to give and and wc calculate it to be g7'\j d^y in 

characters. (See 1 able 4.1 There is some disagreement among the experimentalists 
as to how pure it is. Assour. Cioldmacher, and Harrison [75] concluded it was 
relatively pure </,, on the basis of lack of nitrogen hyperfine splitting. A similar 
conclusion had been reached by Kivcison and l.ee [76] for VO tetraphenyl- 
porpbin More recently Sato and Kwan [77] rcrK>rt nitrogen superhyperfine 
structure in VO Pc and Gn/y cl ul. [78] deduce only 7.^'V. occupancy. 

/erner and (Jouterman [2] identified the 42(XX) to 50000 cm ' bands 
observed in vanadyl compounds with a charge transfer transition from oxygen 
to the unfilled metal orbitals (</„ or d.-). In VOTAP we also have the possibility 
of such tninsilions. Wc thus identify the extra band observed by lidwards in 
V( )Pc at 48 UKlcm ' with these charge transitions. 

II. lilcct runic Popidulions 

tables 6 and 7 present tbe results of a Mulliken population analysis for 
various metal complexes of Pc and TAP. It would be useful to compare these 
results with llurse obtained by /.erner and (iouterman for porphyrins [1-5]. 
I xcept for Mn, all metals have a greater net positive charge in phthalocyanines. 
This result is also found if equal bond lengths arc used for the phthalocyanine 
tind porphyrin calculations, fixeept for the reversal of Ni and Cu our metal net 
charges, Mg .> /.n > Co ,> Cu .> Ni > I'e > Mn. follow those in porphyrin. 

Charge densities can be somewhat related to .stability. The stability of 
porphyrin derived from consideration of displacement reactions, dissiKiation 
reactions, and electronic spectral data is Ni > Co > Cu > Zn > Mg [79]. Thus, 
the order of increased stability corresponds to a decrease in the ionic character 
of the metal-nitrogen bond [1]. However, metal phthalocyanines are con- 
siderably more stable than the corresponding porphyrin, yet the ionic character 
of the metal-nitrogen bond is greater in phthalocyanines. Thus predictions about 
stability involve geometric as well as electronic consideration. 

Table 6 shows a slightly greater negative charge on the bridged compared to 
the central nitrogens. However, their difference is rather small. This contrasts to 
the far larger difference in charge we have calculated for the three types of 
nitrogen atoms in HjPe with a bonded structure [7]. Zeller and Hayes [80] have 
recently reported on the X-ray photoclectron spectra of the N l.s- electron in H 2 PC 
and CuPc. The broad line observed for H^Pc and sharp line observed for CuPc 
agree qualitatively with our calculated charge densities. 

Finally we should note that the charge density on any atom does not change 
more than 0.01 as the geometry is varied. 
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Table 6. Plectronic population of phthalocyanines* 


A. Total ligand population 


.Atom 

Mg 

Zn 

Cu 

Ni 

Co 

Fe 

Mn 

SCF* 

N'in 

5.169 

5.149 

5.151 

5.141 

5.148 

5.120 

5.126 

1.605 

I'n 

3.932 

3.924 

3.918 

3.926 

3.927 

3.924 

3.918 

0.834 

t 

4.006 

4.001 

3.999 

3.996 

3.997 

3.995 

3.993 

1.016 


4.029 

4.035 

4.032 

4.031 

4.031 

4.031 

4.026 

0.981 

tu 

4.042 

4.042 

4.041 

4.0.39 

4.041 

4.039 

4.039 

0.998 

N, 

5.1% 

5.1118 

.5.196 

5.184 

5.179 

.5.198 

.5.178 

1.2.38 

II,/ 

0.941 

0.940 

0.938 

0.9.39 

0.940 

0.939 

0.939 


ll.v- 

0.946 

0.946 

0.941 

0.945 

0.945 

0.945 

0.944 


Pc*' 

-0.630 

- 0.452 

-0.3.34 

-0 315 

-0.3.59 

-0.249 

-0.101 



B. Metal population 



hi 

4.S 

4p 

Total 

Net 

Porphin' 

Mg'" 


0.517 

0.85.3 

1..370 

T 0.630 

4 0.572 

/n 

9.986 

0.648 

0.914 

11 548 

4-0.452 

+ 0.401 

til 

9.669 

0.466 

0 531 

10.666 

4 0.334 

+ 0.281 

Ni 

8.7.39 

0.439 

0.507 

9 685 

4-0.315 

+ 0..30I 

to 

7.718 

0..38I 

0.542 

8.641 

4-0.359 

+ 0..342 

1 e 

7.1.36 

0..30I 

0.314 

7.751 

4 0.249 

+ 0.226 

Mn 

6 .357 

(1.352 

0.190 

6.899 

4-0.101 

+ 0.111 


' St MO-I’PP tr clcttron results, Refs. [ (9. 2(IJ. 

Net charge on ligand given. 

■SceRefs.[l 51. 

' Population of 3,» and 3/i given. 


Tiible 7. I•.lcctr<>nic population of tetra/aporphins* 

A. Total ligand population 

\tom Mg /n Cu Ni Co I'c VO SCI- 



.5.173 

5.164 

< ,, 

3.929 

3.914 

< 

4.041 

4.035 

N, 

5.180 

5.179 

III'" 

0.936 

0.936 

1 a'p 

- 0.657 

-0.454 


5.164 

.5.147 

5.152 

3 906 

3.925 

.3.927 

4.037 

4.027 

4.029 

5.178 

5.171 

5.168 

0.927 

0.929 

0.930 

-0.3.32 

-0.315 

0.366 


5.135 

5.133 

1.603 

.3.921 

3.916 

0.844 

4.026 

4.025 

l.tX)3 

5 174 

.5.169 

1 .2(K) 

0.9.30 

0.930 


0.259 

- 0.489 



B. Metal population 

id 4s 4p Total Net 


Mg 

/n 

9.987 

( u 

9.664 

Ni 

8.725 

Co 

7.691 

Tc 

7.11.3 

VO 

3.720 



0.8.32 


0.648 


0.535 


0.517 

0.386 

0.557 

0..303 

0.324 

0.288 

0.503 


1.343 

+ 0.657 

1 1.546 

+ 0.454 

10.668 

+ 0.332 

9.685 

+ 0.315 

8.6.34 

+ 0.366 

7.741 

+ 0.259 

4.511 

+ 0.484 


For additional detail see footnotes to 1 able 6. 
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Smmutry 

These calculations were undertaken with the hope of elucidating some of the 
differences between porphyrins and phthalocyanines. We discussed the following 
points: 

(1) A detailed literature investigation into phthalocyanine crystal structure 
indicates that the radius of the metal phthalocyanine ring is on the average 
t).()65A smaller than the corresponding porphyrin. 

(2) The extra UV bunds in NiPc and. CoPc are suggested to be due to 
transitions. One of these transitions is also expected to be observed in 

Ni and Co porphyrin. 

(3) I’hthalocyanines and tetrazaporphin arc found to have low lying n-*n* 
transitions which are probably responsible for the diffusencss of the Soret band. 

(4) The /> 2 g(Np,) orbital of the phthalocyanine and tetrazaporphin ligand 

mixes with of Ni, Co. be, and Mn to form a lower energy b^Jid^y) and a 

higher energy 

1.**) rile ordering of the d orbitals derived from these calculations differ 
st)incwhal from tlni.se obtained from ESR and magnetic measurements. The 
b^Jd^y) orbital is usually higher than tigid.i). 

(6) The larger ligand field splitting of phthalocyanines compared to porphyrins 
is mainly due to the smaller ring size. The inability of the Pc ring to expand as 
much as porphyrin is used to explain why FePc is of intermediate spin and a high 
spin NiPc (pyridinel^ complex docs not form. 

(7) I’el’c (pyridinclj is clearly diamagnetic with a d, -<■ pyridine charge 
tran.sfer transition around 24000 cm ' '. 

(8) The skeletal geometry is more important in determining the energy of 
Np, and n orbitals while the Ni N bond distance is crucial in determining the 
ligand field splitting. 

■ivkiiimli’ilfii'nu'nts this rcsciirch was supported in p.irt by I'ublic ItCiilth Services Oranl 
(iM I•12‘k2 from the Doimoii of (iencnil Medical Sciences 
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The conformational properties of the furanose ring of purine- and pyrimidine-^-nucIcosides and 
-nucleotides arc studied quanlum-mcchanically with the help of the PCILO method, using the 
pseudorotational concept. The computations point to (he existence of two stable conformational 
/(snes centered around the C(3')-en</o and C(2')-endo conformations which in the isolated furanose 
ring arc separated by barriers of the order of 4 kcal/mole. In nucleosides one of the barriers (the one 
running through the 0(l'>-t'.xr)-C(2‘>-('xu path) becomes very high. A detailed study is made of (he 
relation between the phase angle of pseudorotation, P, and the torsion angle about the glycosyl 
bund, A very satisfactory agreement with (he available experimental data is observed. 

Die Konformationseigenschaften des Furanoserings in ^-Nucleosiden iind Nucleotiden von 
I’urin und Pyrimidin werden nach der PCIl.OMcthode unter Beriicksichtigung der pscudorota- 
tunschen Betrachtungsweise studiert. Die Rcchnung laBt auf die Existenz zweicr stabiler Konfor- 
niationszonen schlicBcn. die in dcr Umgebung der C{2'yendo und dcr C(3')-^n</u Konformalioncn 
liegcn, und die im isolierten Furanoscring durch lincrgiebarrieren der GroBcnordnung von 4 kcal/mol 
suiicinandcr getrennt sind. In Nucleosidcn wird eine dcr Barricren (die durch den Weg Ofl'H-xr^ 
<-'l2')-t'.vo gekennzeichnetc) schr hoch. Die Relation zwischen dem Phasenwinkel dcr Pscudorotation, 
und dem Drchwinkcl um die Glycosylbindung, wird eincr cingchenden Untcrsuchung unter- 
uorfen. Man hcobachtet eine schr zufricdenstclicndc Obereinstimmung mit den verfugbaren experi- 
mcntellcn Daten. 

I.CS propri6t6.s conformationncllcs du noyau furanose dcs /l-nucicosidcs ct nucleotides des purines 
ct pyrimidines sont 4tudiees par la m4thodc PCTl.O cn faisant appel au concept dc la pscudorotation. 
Los calculs indiquent I’cxistcncc dc deux zones dc conformations stables, centrees autour des 
lonformations C{2')-end(> et CO'yendo. qui sont dans le sucre isolc separ4es par des barrkres de 
I'ordre de 4 kcal/mole. Dans les nucleosides, Tune de ccs barri4res (celle qui passe par Ic chemin 
()(l ’l-t'V(>-C(2>('.vu) devient tr4s elevee. Gnc etude detaillte c.st cffectuee sur la relation entre Tangle 
de phase dc la pscudorotation P et Tangle dc torsion autour de la liaison glycosyliquc, Un 
excellent accord avec les donnccs experimcntalcs disponibics cst observe. 


Introduction 

In continuation of our studies by the quantum mechanical PCILO (Per- 
turbative Configuration Interaction using Localized Orbitals) method on the 
conformation of nucleic acids and their constituents [1-6], we present in this 
paper the results of computations carried out on the conformation of the sugar 
* This research was supported by the R.C.P. 173 and the A.T.P. A 655 -2303 of the C.N.R.S. 
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ring in /^nucleosides. In the previous publications of this series fixed conforma- 
tions have been adopted for the furanose rings, corresponding generally to the 
most frequently encountered ones in the X-ray studies of nucleosides, nucleotides 
and polynucleotides, namely C{2')-endo and C(3'f endo [7, 8], 

The present study has been carried out using the concept of pseudorotation 
which seems the most suitable one for a complete exploration of the conforma- 
tional characteristics of the five membered sugar ring. It was first introduced in 
1947 by Kilpatrick, Pitzer, and Spilzer [9] in the description of the conformation 
of cyclopentane. Their results showed an ^indefiniteness" of the cyclopentane 
conformation, the angle of maximum puckering rotating around the ring without 
any substantial change in the potential energy. Later, in 1959, Pitzer and 
Donath [ lOj refining the earlier calculations, showed that the prc.sence of substi- 
tuents in cyclopentanc induces potential energy barriers which restrict the free 
pseudorotation. Altona and c(*-workcrs [1 1 16] have explored the eonsequences 
of this limited pscudorotation for the conformation of ring D in steroids and of 
.several other five-membered ring systems. Recently, Altona and Sundaralingam 
[17J have shown the usefulness of the pseudorotational coneept in a slightly 
modified form for the description of the conformation of the sugar rings in 
/I-nucIcosides and /l-nucleotides. In their study, each conformation of the furanose 
ring is uncquiviKally determined in terms of two parameters; the phase angle 
of pscudorotation. /* tind the degree of pucker, The authors have evaluated 
these two parameters for a large number of /I-nuclcosides and nucleotides for 
which X-ray crystal data were available. Another useful utilization of the con- 
cept of pscudorotation in connection with NMR studies of the conformation 
of ribosides and urabinostdes in solution is due to Mruska. Wood, and Dalton 
I 18] and Hall, Steiner, and Pedersen [19]. 

f'rt)m the theoretical pvrint of view a few studies on the conformation of the 
sugar rings in /I-nucleosides have also appeared recently [20-23], employing 
both classical and quantum mechanical approaches. Sasisekharan [20], working 
within the scheme of the empirical partitioned potential energy functions 
[24, 25], used four parameters to describe the pseudorotation in ribose and 
deoxyribo.se and then applied the pseudorotational concept to /f-pyrimidine and 
/1-piirine nucleosides. Similarly, Lugovskoi and Dashevskii [21], also utilizing 
classical partitioned potential energy functions, have chosen two parameters to 
describe the p.seudorotation in /f-t>-ribosc and in a .somewhat restricted fashion 
have extended their work to /<-pyrimidine nucleosides [22], and very recently 
to /f-purine nucleosides [22a]. 

In the field of the quantum mechanical methods, Govil and Saran [23] have 
utilized the EHT and CNDO procedures to describe, with the help of two 
parameters, the conformations of /?-i>-ribose. These authors did not call, however, 
upon the pseudorotational concept but used the more common representations 
of the conformations. 

Finally in connection with the forthcoming discussion, we must indicate 
that a number of related theoretical studies, both by the classical [24-28] and 
quantum-mechanical methods [I, Z 5. 29. 30] are available dealing with the 
relation between the furanose ring conformations and the glycosyl torsion 
XcN- In all the.se studies, however, fixed sugar ring conformations, whether 
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COy-endo, C{2')-€ndo, C(3y-exo or C(2')-exo have been selected and Xcs was 
varied to establish the dependence between the sugar pucker and Xcn- 

The Procedure 

A) The Method 

The method employed for the calculation of the conformational energies 
is the PCILO method, as used in the previous papers of this series, the details 
of which may be found in original papers [31-33]. The computational program 
may be obtained from Q.C.P.E. (Quantum Chemistry Program Exchange) at the 
Chemistry Department of Indiana University, Bloomington, Ind., USA. 

B) Definitions and Conventions 

A schematic diagram of ^^i-ribosc is shown in Fig. 1. The conventions and 
notations of the torsion angles are essentially those of Sundaralingam [7]. 
The different torsion angles are defined as; 

To = c4'-or-cr-c2' 

t,=01'-C1'-C2'-C3' 

Tj = C1'-C2'-C3-C4' 

T3 = C2'-C3'-C4'-Or 

t4=c3'-c4'-oi - cr 

= Or-Cr-Nl— C2 (for pyrimidine nucleosides) 
ytT^ = OT-Cr-N9-C8 (for purine nucleosides) 

^c(2 , 0,2 ) = Cr-C2'-02'- H(02') 

<l>c,3 ,-0,3 , = C2' - C 3' - 03’ - H(03') 

'i‘c,4 )-o,5 , = C 3’ - C4' - C 5'- 05' 

<Pc,5,-o,5, = C4'-C5'-05'-H(05'). 
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Wc rewind that the torsion angle ^ b-c bonded atoms A—B~-C-D is 

the angle between the planes formed by atoms A, B, C and B, C, D. is con- 
sidered positive for a right-handed rotation: when looking along the bond 
B the far bond C D rotates in the clockwise direction with the respect to the 
near bond A B. The zero value of the torsion angle corresponds to the c/s-planar 
arrangement of the bonds A B and C -D. 


Cj Pseiulorotational Parameters, P and 


In this paper we have adopted the description of pseudorotation of Altona 
and Sundaralingam [17] so as to have an easy comparison with the experimental 
data which they have collected, following these authors, the five torsional 
angles (h„, h,, d,, h,, tl^) of cyclopcntane along the pseudorotational pathway 
are described by 

t/,-=d„cos(f’ + /A) (II 

where / - 0, I, 2, .1, 4 and A = 144 . 

I'or / 0. f'.q. ( I ) becomes: 

0„^(LcosP. (2) 


It IS evident (rom l.q. (2), that d„ passes through the values of ()„, 0, —0„, 
0 and when P goes through a full pseudorotational cycle (0 — 360 ), and so a 
pseudorotalion over /* - ISO produces the mirror image of the original ring, 
f rom f lq. ( I ), one gets; 


(di.t 3 

2d„(sin36 + .sin72) 


(31 



Fig. 2. The ei'nformatioiial w heel, in the pseudorotational representation, for D-ribosc and deoxyribose 

(.see text for detail.s) 
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i knowing the five torsion angles about tte sugar ring bonds, one can easily 
evaluate P from Eq. (3). For negative values of Oq, 180" should be added to the 
calculated value of P from Eq. (3). A standard conformation is chosen for /’ = 0" 
which corresponds to the maximum value of C 1' — C2'-C3'-C4' ( = 12 ) 
torsion angle. It represents the C{y)-endo-C(2')-exo CT 2 ) conformation of the 
sugar. The simple relationships between O’s and t’s are: 

(10 = 12 , 0i = T3, ^2 = ^4, 03 = Xo, = and = 

Figure 2 shows the continuously varying P values from 0- 360 . The sym- 
metrical twist (T) and envelope (£) conformations occur, respectively, at even 
and odd multiples of 18 in P, and are also indicated in the figure. The C{3') endo 
and C(2') endo conformations occur, respectively, at P equal to 18 ’ and I62 \ 


D) Geometrical Input Data 

Sundaralingam [8] has obtained average geometries for the C(3')-cndo and 
t (2'1 endo sugars from the known crystal structure studies on ^l-nucleosides 
and nucleotides. The five bond lengths of the sugar ring are exactly the same 
in these two fundamental conformations; however three out of five valence 
angles of the ring differ in the two conformations; the maximum difference 
booing 1.7 . We adopted the bond lengths and valence angles of the C(3'F-eMdo 
geometry for all the different forms of the sugar with only a slight variation 
of + 1.9 permitted for the valence angles. These geometrical parameters have 
been kept constant to get all the sugar forms corresponding to the different 
P and Tm values. 

Wc have not attempted to vary for each value of P but instead have 
•idopted the mean value of 39 obtained for /f-pyrimidinc and ^-purine 
nucleosides from the X-ray crystal structure studies of nucleosides and nucleo- 
tides [17]. P has been varied from 0-360’ in 18 increments corresponding to the 
ten twist (T) and ten envelope (£) conformations of the sugar ring. 

A computer program for the ring closure of the five membered cycle was 
dcvelopped, which for given bond lengths and valence angles and given P 
and Tuf values, provides the cartesian and internal coordinates of the ring with 
an accuracy of P within +0.5 and of T 3 ,= 39 ± I . The method employed 
for the minimization procedure used in this program is the Simplex method 
[.M] which minimizes a function the value of which defines the magnitude of 
the closure on the stereochemical basis discussed above, by varying the valence 
and dihedral angles in conformity with the desired values of and P. In a 
practical way the dihedral angles are calculated from Eq. (1) for given P and 
Tvf values and used as initial values for the minimization procedure. The 
above mentioned function is designed in the following way: The torsion angles 
for the five atoms 1-5 of the sugar are kept initially at their respective values 
of P and T„. Three complementary fictitious atoms 6, 7 and 8 are considered 
such that the bond lengths 5-6 = 5-1, 6-7= 1-2 and 7 -8= 2-3, that the valence 
angles 5-6-7= 5-1 -2 and 6-7-8= 1-2-3 and that the torsion angles 3-4- 5-6 
-3-4-5-1, 4-5-6-7 = 4-5^1 2 and 5 6 7 8 = 5 1-2-3. The function is defi- 
ned as the sum of the distance between atoms 6-1, 7-2 and 8- 3. These three 
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pairs of atoms arc superimposed when the function is equal to zero and 
the ring is then fully closed. 

For energy calculations, the ribose and deoxyribose have been constructed 
with the particular geometry of the sugar ring associated with the corresponding 
values of P and All the constituents of ribose and deoxyribose have been 
taken into consideration. All hydrogens have been included. The bond lengths 
and the valence angles of other atoms have been taken following the proposal 
for a ayyendo sugar given in Ref. [8]. 

For the energy calculations for the nucleosides, we have chosen adenosine 
and deoxyadenosinc for the ^-purine nucleosides and uridine and deoxyuridine 
for /f-pyrimidinc nucleosides. The geometry of adenine has been taken from the 
recent X-ray crystal structure study of adenosine by Lai and Marsh [35], and 
that of uracil from the recent experimental study of /3-dcoxy uridine by Rahman 
and Wilson [36]. 

Kj Const ruction oj the Conformational Energy Maps P 

Conformational energy maps have been constructed as a function of the 
pscudorotational parameter P and the torsion angle Xcn about the glycosyl 
bond in /l-purine and /l-pyrimidine nucleosides. The computations have been 
carried out in 20 increments of the torsion angle twenty values of P. 

from 0 360 , al an increment of 18 . The presentation of the results on the con- 
formational energy maps has been confined to the 6kcal/mole above the global 
minimum isocnergy curve. 


Results and Discussion 

A) Confonmtional Properties of Ribose and Deoxyribose 

Ihc conformational energies obtained by the PC’lLO computations for 
the ribose and deoxyribose rings as a function of the pscudorotation parameter 
P arc presented in l ig. 2. The outermost numbers on the conformational wheel 
represent the values of the energy of the ribose (in kcal/mole) with respect to 
the global minimum taken as energy zero. The energies of the deoxyribose are 
given in parentheses. In the calculations of these energies for both ribose and 
deoxyribose, we have adopted the values of <fc (4 i- ni i = 60 [gq) and ^r (5 )-o (5 1 
= 180 . The choice of these values results from our previous study [4] and also 
from experimental evidence [8J. The values of i o <3 t for both ribose and 
deoxyribose and of <Pc (2 i-o(j > for ribose have been fixed at 60 . Figure 2 shows 
also the conformations of the sugar ring in terms of the envelope (£) and 
twist (T) forms as defined by Sundaralingam [37]. The values of associated 
in the computations with each P are also indicated in Fig. 2 along the 
corresponding radii of the conformational wheel. Finally the distribution of the 
observed experimental compounds from X-ray crystal structure studies is shown 
by numbers placed along the arrows in the populated P values. We have 
taken account in this distribution of a number of new compounds whose 
crystal structures have been determined [33, 36, 38-42] since the publication 
of Altona and Sundaralingam's compilation [17]. 
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The results of Fig. 2, show the existence of two nearly equivalent global 
energy minima occuring at P equal to 18'" and 162" and corresponding to 
the CO'hendo and C{2')-endo conformations, respectively: the energy associa- 
ted with the later being slightly lower than that of the former. The experi- 
mental data cluster around these selected conformations in very good agreement 
with the theoretical values. The areas of higher energies are unoccupied, with 
one exception, an 0{V)-endo conformation found in the crystal structure of 
dihydrothymidine (vide infra). 

The two populated conformational zones may in fact be considered as 
separated by energy barriers on both sides, which in the isolated furanose ring 
are nearly equivalent and of the order of 4 kcal/mole. This order of magnitude 
seems to be confirmed by experiment [17, 18]. 

In a recent elegant analysis of the general aspects of the conformational 
wheel for ribose and deoxyribose Hruska, Wood and Dalton [18] have shown 
that the preference for the C(2')- and C{y)-endo conformations arises from the 
fact that these puckerings involve bond rotations which stagger alt substituents 
on the furanose ring. They have also pointed out that interconversions within 
the two stable zones centered around the C{2’)-endo and C(y)-endo conforma- 
tions require a sign change for Tq and but not for t,. t, and t,. This situation 
accounts for the fact that the experimental values of To and as found in 
crystals of nucleosides and nucleotides when presented in the form of con- 
formational wheels [7] display a continuous range of values centered approxi- 
mately at O' (and ranging approximately from —30 to 30 ), while t,. T 2 and T 3 
manifest u forbidden range around 0 '. These observations substantiate the vali- 
dity of the division of the conformational wheel of the sugar into two stable 
pseudorotational zones separated by two barrier zones. It may be remarked that 
although the two zones appear theoretically as energetically nearly equivalent, 
the zone centered around C(2')-endo is both more populated and occupies a 
larger portion (in fact extends over C(3')-e.xo) on the conformational wheel than 
the zone centered around C(3') endo. 

Our results can now be compared with the results obtained for /I-t>ribose 
by other theoretical studies. Sasisekharan [20], using classical partitioned po- 
tential energy functions, found also that there are two equally stable conforma- 
tional zones around the C(2') endo and C(3'> endo conformations, and that the 
barrier between the two minima along the pseudorotational path is about 
3.5 3.0 kcal/mole for the ribose and about 2 kcal/mole for deoxyribose. Lugovs- 
koi and Dashevskii, in a similar study using also partitioned potential functions, 
have calculated the energy of /i-o-ribose as function of <Ps and (Their <P’s arc 
related to our t’s or 0's (see Fig. 1) by the simple relations: <Pi = Xi = 0^, 
<f '2 = T 2 = (l„, d >3 = T 3 = (J,, d >4 = T 4 = fl 2 ^nd 4*5 = Tq = (( 3 ). Thcir computations 
have been carried out in two distinct approximations. When the electrostatic 
interactions are completely neglected, the results show two energy minima 
correspionding to the C{2'}-endo and C(3')-endo conformations, the former 
being more restricted than the later. The transition from one stable conforma- 
tion to the other along the pseudorotational pathway is through a barrier of the 
order of 2.5 kcal/mole. However, when the electrostatic interactions are included, 
a step which in principle represents a refinement, the minimum at the C{2')-endo 
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conformation is strikingly destabilized, hardly representing even a local mini- 
mum, about 4kcal/moie above the C(3')-endo conformation which represents 
now the unique stable arrangement. The transition between CO'y-endo and 
C'(2') etuh) which could occur both ways around the pseudorotational pathway 
becomes now forbidden along the C(2'f -exo-C(3') -c.xo road (barriers of about 
13kcal/molc) and remains possible only through the alternant C(r)-f^o-C(4') 
e.xo road with a barrier of 5 kcal/mole. This example shows the difficulties con- 
nected with the utilization of the empirical partitioned potential function pro- 
cedures. 

'Ihc only previous quantum-mechanical computation on the structure of 
i>-ribosc is due, as quoted above, to Govil and Saran [2.3] and was made through 
the use of the bllT and CNDO methods but did not involve the pseudo- 
rotational approach. T hese authors also found the C{2’)- endn and C{y)-endo 
conformations to represent the stable arrangements of the ring system. 


Hi RcliitUm Ik’lwcen P and 

1 1 ll-Punnc Ribosides 

Adenosine and deoxyadenosine have been chosen for the study of the 
relation between the glycosyl torsion angle /fs and the pscudorotation para- 
meter P in the series of /(-purine ribosides, bor each value of P, the geometry 
of the sugar was taken from the study of i)-ribosc described above. The torsion 
angles and </>(,, , o(s > have been kept the same as in the study of 

the ribose and dcoxyribose moieties. The torsion angle </>c (3 i o (3 i 
adenosine and deoxyadenosine has been fixed at ISO and the torsion angle 
1 0(3 1 adem)sine was kept at ISO . 

T he results of the calculations on /(-adenosine are shown in Fig. 3. The 
globiil minimum occurs at P=162 (i.e. C(2'f em/o conformation) for 
varying from 70 1(X) . There is a large area included within the 1 kcal/mole 
isiKiiergy curve associated with this global minimum. There are also three 
lix’al minima about 1 kcal/mole higher than the global one. Two of them arc- 
associated with the .same value of P, and correspond to /in = 240 260 and 
/cN = The third local minimum also 1 kcal/mole above the global 

tme occurs for P= IS , corresponding to the C’(3') eiulo conformation, with 
XcN varying from 70 125 . 

Figure 3 contains also the representation of all the presently known experi- 
mental results from X-ray crystal studies on /(-purine ribonucleosides and 
nucleotides. It is easily seen that all the representative points are concentrated 
around or in the vicinity of the above mentioned calculated global and the lowest 
local energy minima. Remembering that following Sundaralingam's convention 
[7] the anti conformations are defined by ;rcN = 0“ ± 90 and the syn conformations 
by XcN= 180 ±90\ the results of Fig. 3 account satisfactorily for the fact that 
while both anti and .<tyn conformation are found for the C(2’)-endo derivatives only 
anti conformations are observed in the case of the C(y)-endo purine nucleosides. 

Moreover, the conformational energy map of Fig. 3 also indicates that the 
possible transition between the C(3> endo and C{2‘)-endo conformations of 
the sugar, if occurring, should do so through the C(4')-exo-C(l')-^Jro path- 
way. The energy barrier is about 5 kcal/mole. The transition through the 
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1 1 (! ,1. Conformational energy map. P rs. in /I-purine ribosides. Isocncrgy curves in keal/mole 
with respect to the global minimum taken as energy zero. • Lxpcrimental X-ray results 


C’(3'| t'.vt>-C(2')- t'AYt pathway is practically forbidden as it would involve a large 
energy barrier. 

Figure 4 shows the conformational energy map obtained for /l-deoxyadenosine. 
It is quite similar to that of Fig. 3, with some small variations: the local minimum 
at P= 162. ;ft-N = 240’ is only 0.5kcal/mole above the global minimum, which 
remains at the same place as in Fig. 3 and the minimum at P= 18 ’, ZrN = 90 
although also 1 kcal/mole above the global minimum occupies a much smaller area. 

Only two experimental results arc known for ^-deoxyribosidcs of purines. 
These are deoxyadenosine monohydrate [43] and 2'-deoxyguanosinc in complex 
with 5-bromo-2'-deoxycytidinc [44]. They arc indicated by dots in Fig. 4. The 
first corresponds to a C(3')-e.xo conformation of the sugar {P= 198 ) and an 
anti value for Xcn at about 2 kcal/mole above the global minimum, the second to 
a C{2')-enth conformation of the sugar at P= 162 and a syn value for also 
at about 2 kcal/mole above the global minimum. 

The results of the maps of Figs. 3 and 4 may be compared to the results of 
Sasisekharan [20] obtained with the use of partitioned potential energy functions. 
Broadly speaking they are similar, showing comparable energy minima and 
energy barriers. The partitioned potential energy functions put, however, all the 
energy minima at the same level and appear thus unable to distinguish between 
them and in particular to pick up the global minimum. They remain therefore 
from this quantitative point of view behind the performance of the quantum- 
mechanical computations. This point has already been discussed in a related 
context in Ref. [3]. 
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2) /i-Pvrimi(linf Ribosides 

The compounds utilized in this research were uridine and deoxyuridinc. 
The values of the torsion angles vis e '^’ris i-oiv)' ooi 

^< (2 1 1 X 2 1 k'-T* Ihe same ;is in the study of the purines. 

Figure 5 shows the results of the computations carried out for /J-uridine. 
This map shows a global minimum for P= IS , corresponding thus to the 
C(.^') endo conformation with in the anti region, varying from 0 45 . There 
is a large area within I kcal/mole associated with this global minimum. Then, 
ihea- is a Iwal minimum at 162 , corresponding to the C(2')-endo con- 
formation only 1 kcal/mole above the global one, also in the anti region 
(ZcTs varying from 50 85 ) and another local minimum, also 1 kcal/mole above 
the global one, associated with P=I8 in the syn region (/cn around 260 ). 
There are also other local minima in the .v.vn region associated with P= 18 and 
162 but situated 2- 3 kcal/mole above the global minimum. 

All the experimental results obtained through X-ray crystallography for 
/f-ribtinucleosides of pyrimidines are indicated in Fig. 5. It is clearly seen that 
the great majority of the experimental conformations clu.ster around the two 
fundamental anti energy minima at P=18 and 162. Three representative 
points are found in the syn region: 4-thiouridinc [45] with a C(3 y-endo con- 
formation of the sugar and 6-methyluridine [39] with a C(2 }-endo conformation 
which has two molecules in the asymmetric crystallographic unit. They occupy 
the secondary energy minima predicted for this region. 

It may be worth stressing that while the theoretical global energy minimum 
of adenosine was found for the C(2'}-endo conformation, the global energy 
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I ij; 5. C'onformalioiial energy map. P rs. i” /^-pyrimidine ribosides. Isoenergy curves in keal/molc 
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minimum of uridine is associated wilh the C{y}-endo conformation. The direction 
of the easiest transition between the two minima remains, however, the same 
for the pyrimidines as for the purines, namely via the C(4'l e.vo-Cfr) e.xo path. 
I he barrier is about 6 kcal/mole as compared to 5 kcal/mole found for adenosine. 

The results of the compulations carried out for /i-deoxyuridine are shown in 
l ig. 6. The map shows two global minima of almost similar depth associated 
with P= 18" and P= 162" and for Zcn ihc anti region. There is a particularly 
large area within the 0.5 kcal/mole isoenergy curve around the global minimum 
at P= 162". The syn regions associated with both P= 18" and P- 160' present 
load energy minima but at 2 kcal/mole above the global ones. 

The experimentally observed conformations in compounds of this category 
duster practically exclusively around the large global minimum at P=162 
{Cl2’y-endo and ami). One compound dihydrothymidine [46], the only known 
compound with a OUT endo conformation of the sugar (P = 84.4 ) lies in a 
relatively high energy region, at 5 kcal/mole above the global minimum. Possibly 
the map of Fig. 6 is not well representative of this particular compound. 
I^oxycytidinc 5'-phosphate monohydrate [47], which has a C{3'y-exo sugar 
pucker lies close to the 2 kcal/mole isoenergy curve, not far from the global 
minimum associated with P= 162 . There is only one compound, deoxycytidine 
hydrochloride [48], associated with the global minimum at P = 1 8 ’, corresponding 
to the C{3')-endo conformation of the sugar ring. 

The barrier for transition from C{3'y-endo to C[2')-endo conformation is 
5 kcal/mole, as compared to 6 kcal/mole in the case of uridine and this tran- 
sition is possible only through the C{4')-cxo-C(r> -exo pathway. 
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l•l(! (i ( iinIdtinalKinal ciUTtf) map. /' i.\ ^ in //-pyrimidine deoxynbosides. Isocncrgy curves 

ktal mule with icspi'cl In die plobal miiiiintim laken as eneiyy /ero. • I xperimenial X-ray resu 


I he results of the maps in Pigs. 5 and 6 can alsr) be compared with t 
results obtained from the compulations done by using partitioned potenti 
energy lunctions [20|. Again these last computations fail to distinguish t 
global minimum among the three minima obtained, one in the anti region f 
the C’(.t') i'lulo conformation and two in the anti and syn regions for the C(2')- eni 
conformation. 4-lhiouridine lies in Sasisekharan's map [20] in high enerj 
/one devoid of a local minimum. However, the transition from the C(2') cm 
to the C’(.t') cmio conformation through the C'(.^') e.vo C(2') c\a direction 
forbidden as in the PCI 1,0 calculations. The energy barrier for the transitii 
through the C(4’) c.vo C( 1> cw path is of the order of 3 kcal/mole as compan 
to 5 6 kcal/mole in PCILO computations. 

Conclusions 

The principal conclusions which can be drawn from this study seem to I 
twofold. In the first place we continue to observe the extremely satisfacto 
agreement between the results of the quantum-mechanical PCILO computatio 
and the experimental data shown to exist for the other aspects of the co 
formations of nucleic acid and their constituents in the previous papers of tV 
scries. This satisfactory agreement, in particular with the data from X-h 
crystullography. is worth stressing as the calculations are performed for isolate 
molecules. It indicates the general significance of the global and local encr; 
minima put into evidence by the calculations. Secondly, the results point to tl 
u.sefulness of the pseudorotational concept in its applications to the confc 
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I i(! 7 C'lussos uf slates of the pscudorotutional itinary of the sugar ring in nueleosides. a r-'ollowing 
llruska ct al. [18], b Proposed here 


malions of the furanusc ring. It shows simultaneously the continuity of the 
deformability of the ring along the pseudorotational pathway and the existence 
of two zones of stable conformations separated by large zones of relatively 
unstable ones. This result is particularly important for the comprehension 
of the conformational equilibrium of nucleosides in solution. Hruska and 
coworkers [18], in particular, have deduced from their abundant studies of 
vicinal proton-proton couplings in the sugar rings of nucleosides that the 
furanose rings exist in dynamic equilibria involving well-defined states cor- 
responding to the two stable conformational zones, centered around the 
C(3') eiidn and C{2')-endo conformations, which they denote by the symbols t + 
and T_, respectively, separated by two barrier zones, corresponding to the two 
pathways CIl')- c.v<7-C(4') exo (which they denote by the symbol ”B) and 
r(3') e.w C(2'H'.xo (which they denote by the symbol Bq). These authors give, 
however, a symmetrical representation of the overall situation (Fig. 7a). An 
unsymmetrical representation such as given in Fig. 7b seems to describe more 
adequately the real situation in nucleosides. 

The authors thank Drs. Hruska. Sasjsckhuran. Suenger and Sundaralingum 
Tor communication of data prior to puhlicJifion. 
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Molecular orbital calculations are made on six iron complexes, using iterative Hiickel methods 
and. where required for proper description of spin states, a spin-projected semi-empirical configuration 
iiucraction (Cl). Many integrals are avoided in the Cl studies by making direct calculation of energy 
differences between states. From the calculations are obtained charge and spin bond order matrices, 
dipole moments, and atomic orbital charges. These quantities arc used to calculate charge densities 
,it the I'c nucleus, nuclear quadrupole splittings, and spin populations. From calculations of all six 
complexes we estimate an Fc” Mossbauer xsomer-shif) calibration a = A6 IAq{Q)= to 

0 .38ao mm/sec. 

Mu Hilfc iterativer Huckel-Methodcn werden MO-Rechnungen fUr sechs Fisenkomplexe durch- 
^efuhn. Wo es fUr die Beschreibung der Spin/ustande notwendig ist. wird nach einem Cl-Verfahren 
mil Spinprojektion gearbeitet. Durch direktc Berechnung von Energiedifferenzen zwischen den 
etn/cinen Zustanden werden viele Integrate in den Cl-Bercchnungen vermieden. Aus den Rechnungen 
crhiilt man die Matrizen der Ladungs- und Spin-Bindungsordnungen. Dipolmomente und AO- 
l.adungsverteilungen. Diese GriiOcn werden zur Berechnung der Ladungsdichtc am Fe-Kern, der 
Rcrnquadrupolaufspaltung und der Spinpopulation verwendet. Aufgrund der Berechnungen alter 
sechs Komplexe wird die Fe”-MdBbauer-lsomericvcrschiebung auf asd3/.4e(0)= — 0,31 bis 
(1..38u^ mm/sec geschatzt. 


Introduction 

The essential role of iron complexes in biological processes makes par- 
ticularly interesting and important a good understanding of the electronic 
.structures of such complexes. This understanding can to some extent be obtained 
experimentally, but there remain many questions which theoretical studies 
might resolve. Since the complexes involve to varying extents covalent binding 
between iron and ligands and charge rearrangements within the ligand structure, 
u theoretical description cannot justifiably be limited to an iron atom and its 

* Supported in pari by U.S. National Science Foundation Grant GP-31373X. in part by an 
award from the Biomedical Sciences Support Grant at the University of Utah (U.S. Public Health 
Service Grant RR 07092), and in part by tlie Centre Europeen de Calcul Atomique el Moliculaire, 
Grsay. France. 

** Supported at the Centre F.urop6en de Calcul Atomique et Moliculaire. Orsay, France by a 
fellowship (No. 531) of the European Molecular Biology Organization and by the French Govern- 
ment through Monsieur le Ministre des Affaires Etrangires, dc la Ripublique Francaise 
(No. 12778 CT/b/ 1). 
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immediate neighbors. Moreover, the three-dimensional structure of the com- 
plexes contraindicates approximations which do not include all relevant valence 
electrons. 

Rigorous all-valcnce-electron treatments of .systems as large as typical iron 
complexes are prohibitive in cost, even at the self-consistent-field (SCF) level of 
approximation. It is even extremely cosily to pursue semi-empirical anti- 
symmetri/ed molecular orbital theory or approximations based on neglect of 
differential overlap, such as the CNDO/2 method. The key simplification 
appearing to permit calculation at reasonable cost is the avoidance of con- 
structing an explicit antisymmctri/.cd many-electron wavcfunction; methods in 
this category include those of the Hiickcl type and the "multiple-scattering 
Xx method" of Johnson cl al. ( I]. The present paper describes theoretical 
studies based on an iterative extended Hiickel method previously described by 
one of the authors f2|. fhe iterative feature gives the method SCF character, 
and “extended” indicates the application to all valence electrons. 

I he Iliickel model is inadequate to di.stinguish spin eigenstates and to calcu- 
late energy differences between them, and many iron complexes exist in "high-spin" 
stales necessitating the use of singly-occupied molecular orbitals (MO's). For 
such problems we supplemented the Huckcl calculations by proceeding to a 
limited configuration interaction (Cl), simplifying the computations by using the 
Iliickel SCI' MO's to construct configurations, by calculating only energy 
differences, and by using approximate integrals. 

In semi-empirical studies such as that reported here, the success of the 
description should rest on the capability for inter-relating a variety of data on 
a variety of systems. We show here the extent to which our studies agree with 
conventional spectral data, such as ligand field splitting.s. and also with Mbs.s- 
baiicr data, such as isomer shifts and quadrupole splittings. Fiy comparing calcu- 
lations for six different complcxc.s. wc arc able to obtain information regarding 
the calibration constart relating the Mossbaucr i.somer shift to the charge density 
al the iron nucleus. 


Hiickel Calculations 

Iterative extended Hiickel ealeulalions were carried out by methods described 
m detail previously [2]. The Hiickcl one-cicciron Hamiltonian H was assumed 
to have diagonal elements //„„=- where x„ is the "x” parameter for 

atomic orbital a (of real form) in a neutral atom. </„ is the net charge of the atom 
at which orbital a is centered, and is an additional parameter controlling 
the variation of //„„ with net atomic charge. The ofT-diagonal elements 
were determined from //^ and by the Cusachs approximation [3] 
- IISJUILT Here is the overlap integral of atomic 
orbitals a and h. calculated assuming Slater-type orbitals (STO's). In evaluating 
U„f,. all operations are performed in a coordinate system passing through the 
orbital centers so as to retain full invariance with respect to rotation of the 
molecule in the coordinate system. 

Iterations were carried out until the occupied-orbital solutions of the matrix 
equation (H - £,S) Cj = 0 were consistent with the net atomic charges used in 
ailculating H. Here E, is the orbital energy of the molecular orbital whose 
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■* aiomic-orbital coefficients are represented by the vector Cj. The overlap matrix S 
is built from the as already defined. The iterative process must be sophisticated 
enough to overcome the strong nonlinearity of the theory; we use a combination 
of damping and second-order extrapolations and thereby ordinarily achieve 
convergence to ± 0.01 units in atomic charge in five to ten iterations. The net 
atomic charges are obtained by apportioning exactly-computed overlap charges 
[ among the atoms involved, in a fashion which preserves the projection of the 
I charge centroid on the intercenter line. This causes the atomic charges to be 
; approximately consistent with computed dipole moments and to reflect the 
’ actual charge distribution far better than would an equal division of overlap 
charge. 

The Huckel-method output Includes orbital energies and corresponding 
; MO’s, the bond-order matrix, net atomic and orbital charges, and the molecular 
. dipole moment. All programming is in FORTRAN, and is set up for a Univac 
' 1 108 system. The Hiickel program, the Cl program described in the next section, 
; and all data storage for calculations involving a maximum of 60 atomic orbitals 
fit into approximately 50,000 words of core and run without the use of peripheral 
equipment for intermediate storage. Typical SCF computation times for the iron 


Tabic 1. Approximate niolccular-orbitat calculations of small Huorine compounds 


Mdlcculc* 

Method’’ 

Fncrgy sequence' 

(valence orbitals) 

Dipole 
moment (D)' 

loniration 

* potential (cV) 

1 II 

fNDf)/2 


1.86 

15.77 


INDO 


1.98 

21.14 


IF H I 


2.36 

14.61 


cxpl. 


1.82 

19.96 

1', 

C'NDO/2 


0 

15,7 


INDO 


0 

19.19 


IFHT 


0 

17.68 


expt. 


0 

18..32 

(I-, 

(■NDO/2 

iii hja'I Ilf hf ai hi af 

0.53 



INDO 

hitifhf 

0.26 



IFHT 

hftifhi 

0.75 

14.21 

''1 

CNDO,2 

iifhfafhfiifhi ai hiafh, 

-0.12 



INDO 

hfafhl 

-0.38 



IFHT 

hihfaf 

-0.21 

13.03 

OF, 

fNDO 2 

ui h} f/T hi hi til hi 

-0,21 



INDO 

hfafhl 

-0.40 



IFHT 

hla-b] 

-0,61 

1.5..32 


expt. 


.t0..3« 


1 11. 

CNDO 

rr^ nj aj rr. 

0 



INDO 


0 

- 


IFHT 


0 

1.89 


' ticometrie.'i: HK R = 0.9I7A; Fj.R = I 435A; CFj.R„ = I.32A, 104 ; NI'j,RNf= 1.35 A. 

^^N^=104 ;OFJ.R„^ = 1.4lA. 4 fof = 104 t I Hi. K = 0.92 A. 4„n,= 180. 

'' CN 1)0/2 and INDO calculations and experimental data ax reported by Pople and Bevcrid|ie 
iKcF. [4]); IFHT are iterative extended Hiickel calculations of this work. 

Fncrgy sequences agree for all methods except where underlined portions are repeated. 

' Dipole moment of AB or ABj molecules is + in the direction A S'* or A" Bj . 
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Table 2. 
x. /I 7 

Orbital parameters for Hiickel and Cl calculations: ; = STO screening parameters: 
- Hiickel energy parameters, 6 = atomic core energy; y = single-center repulsion energy 




ot 

/dot 

h 

/ 

Ic 

id 

2 87 

7.0 

8 

135 

23 5 


4s 

1.4(1 

7.5 

8 

56 

6.0 


4p 

1.40 

6.5 

8 

64 

8(1 

1 

2s 

2.60 

.34.0 

18 

130 

I6.n 


7/' 

2,60 

18 5 

15 

115 

140 

0 

2s 

2,275 

33.0. 

15 





2.275 

14.0 

15 



N 

2s 

1 95 

.30.0 

12 




7;- 

1 95 

II 5 

12 



( 

2 s 

1 625 

25.0 

n 




~r 

1 625 

100 

1 1 



H 

1 s 

1.20 

11.6 

14 



lablc 3 

< leomctric-s used for iron cismplcxes. Principal symmetry axis taken in z 
oclulicdral ligands also in 4 r and 4 e directions 

direction. 


I cU N),N() • 


IclCOl..'’ 


I iMCNi,, ’ 


I'cK'N),,'' 


Symmetry ('4,, data based on Na 2 l c(t'N),N() • 2HjO* 

( artesian umrdinalcs (A)- Fc(0.0,()). N,(().(). I. 6 .t). 0(0.0,2.76), C'|(0, 0. - 1 . 9 ( 1 , 
N(0, 0, ,1 07). C'( j 1 ‘Xl. 0. ■ 0.20), ( (0. 4 ) .90. • 0 20). N( ± 3 05. 0. - 0,.')2). 

N(0, t 3 05. 0 32) 

Symmetry D,, 

«,., ■( 84 4 0.034; R, I 15 i 004A 

All R|, , equal; all R, „ equal. Trijitmal bipyramid; C|.C' 2 ,C'j equatorial. 
(■ 4 , (’, polar 

Symmetry data based on K ,l e(('N)„‘ 

R2. , 1.89; R, ^ 2.157 

Symm .'try data based on K 4 l-e(C’N)^ ■ 31 I 2 O'’ 

Kf, , 1 91, R, ^ - 2.157 

Symmetry ()^. data ba.scd on l-eF,' 

R,. , - 1,92 A 

Symmetry O^. data based on KFeF,' 

^ -2,06 A 


* Wyeko(T, R. W Ci : Crystal structures, .second cd. Vol, 3, p. 623 New York: Intcrseicnce 1965. 

'' Tables of interatomic distances and configuratioas in molecules and ions. ed. L. E. Sutton. London 
Chemical Society 1958 

‘ Kohn.J.W, Towncs.W O.: Acta crystallogr. 14 . 617 (19611. 

■' WyckolT.R.W (i.; Crystal structures, .second cd., Vol 3, p. 687. New York: Intcrseicnce 1965 
' Tables of interatomic distances and configurations in molecules and ions. ed. L. E. Sutton. London' 
Chemical Siicicty 1965. 

' Wells. A. F.: Structural inorganic chemistry. Oxford: Oxford University Press 1962. 


complexes reported here are 1-2 min. A Hiickel program version handling up 
to 140 atomic orbitals and using intermediate drum storage and approximately 
50000 words of core has also been implemented; a typical 130-orbital. 
138-electron SCF calculation requiring 8 iterations ran in 12 min. 
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The calculations in this paper include all valence orbitals, i.e. Is for H; 2s 
and 2p for C, N, O. and F; and 3d. 4s. and 4p for Fe. For H, C, N. and O. the 
orbital parameters Aa^ and (the STO screening parameters) were taken 
from previous iterative Hiickel calculations [2]. 

For fluorine, we used values of C 2 , and Cjj. calculated by Slater's rules, and 
chose Xa and Aa^ values after study of a set of six molecules: HF, Fj, CFj. NFj, 
FjO. and HjF. Starting from and da. values as reported in the literature [4], 
we made adjustments to optimize the consistency with the parameters already 
adopted for H, C, N, and O. Our criteria included the energy sequences of the 
MO's. the ionization potentials, and the dipole moments. Our calculations for 
the fluorine compounds, previous calculations, and experimental data are 
summarized in Table 1. 

For iron, we used values of C 4 , and as given for the neutral atom by 
( lementi and Raimondi [5]. Starting from (jj. tx, and da, values given by 
/erner et al. [ 6 ], we made slight adjustments to fit the ligand Held splittings 
for FcfCNlft* and FefCN)^ and to have the Fe3£i, orbitals as major compo- 
nents of the highest occupied MO's for both compounds. 

The orbital parameters for all atoms entering the Hiickel calculations are 
listed in Table 2. The molecular geometries used for the iron complexes are 
given in Table 3. 


Cl Calculations 

As even a limited Cl study is expensive for large systems, and since our 
present needs were to characterize the MO structure and to intercompare dif- 
ferent spin states, we confine attention to the calculation of energies relative 
to that of a “reference configuration". If the reference configuration has energy 
energiw relative thereto can be obtained as eigenvalues of H — S, where 
H and S now refer to many-electron space-spin states of appropriate symmetries. 
As Eq can be written in terms of the integrals occurring in the elements of H, 
the elements of H — EqS will depend only upon the orbitals affected by passage 
from the reference configuration to the configurations actually used in H and S. 
The foregoing statements have been written carefully to avoid the implication 
that the reference configuration necessarily refers to a specific spin state; on the 
contrary, if different spin states are to be compared, it must be the same for all 
■States and should be chosen to cause a maximum degree of integral cancella- 
tion. 

The definition we have found most satisfactory for a reference configura- 
tion is that which results if we assume its singly-occupied orbitals are averaged 
over spin orientations. Letting (ij/i|/) refer to a matrix element of the one-electron 
part of the Hamiltonian between MO’s / and j, letting </l;> stand for a MO 
overlap integral, and letting [ylmn] stand for an MO electron repulsion integral 
in Mulliken notation 

[y|mn] = f 1 ) <l>ji 1 )''iV 02 ( 2 ) 0 ,( 2 ) dr, dtj , 

we have 

■Eq = S(*ol^l*o) +, X ([*o*ol/oyo] ~ i(l — < fol/o >) [Wol/o*o]) ' 

Ic 
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where the summations are over all electrons and i„(/o) refers to the MO of the 
,ih^nh| before aniisymmetrization. The MO's may be doubly occupied, 

but distinct MO's are assumed orthogonal. 

The many-clectron states used in // and S are constructed by antisymme- 
trization and spin projection [7] of spinorbital products. As in the preceding 
paragraph, we assume the spatial orbitals to be chosen from a set of orthog- 
onal MO's. The matrix elements of H and S can then be written in terms of 
spatial integrals and spin projection (Sanibel) coefficients [8]. If two configura- 
tions /i and V have different MO occupancies,.S^, will vanish, (// — 
identical with //^,,. which may be evaluated by existing formulas. The important 
point here is that will depend only upon two-electron integrals containing 
MO’s who.se occupancy differs in configurations fi and v, and therefore will at 
worst involve a number of integrals comparable to the number of electrons. 

When /< and v refer to configurations with the same spatial MO occupancy 
(/( and V may differ in spin assignment), then does not vanish and 

{II - can be simplified. Using the expression already given for £„ and the 

published expressions for //,„ and S^,.. one may derive 

ill Xf/’Wp* + 

1 I /> ir 

- X!lP/>|rrj- ilpr\rp]\ + ^ {[,71/;] - Ki/l/,]} 

/If I • j 

■ Z {LppUnI}- \^P^^\<^pVl\ +- Zlic*- Ct)[/,M|m/] 

p'q 1 I'm 


In this equation, summations of i and j range over electrons in MO's of n which 
are unoccupied in the reference configuration ; p and q summations are over 
electrons in reference MO's not wcupied in /<; /• ranges over electrons in MO's 
common to /, and the reference configuration; and I and m range over electrons 
in singly-occupied MO’s of /,. The symbol (\ stands for the Sanibel coefficient 
appropriate to the spin state and the relative spin assignments of the MO’s in 
ft and v; when ('r occurs within a summation over I and m, it denotes the 
.Sanibel coefficient which is appropriate after the spin assignments of eleetrons 
/ and m are interchanged in configuration ft. The key feature of this equation 
for {II - is that very few integrals are needed for configurations differing 

little from the reference configuration in MO occupancy. 

The integrals needed for the Cl calculations were calculated using approxi- 
mations of types common in .semi-empirical MO theory. However, the large 
size of the molecules involved made it nece.ssary to use relatively simple ap- 
proximations and to be careful to obtain proper cancellation of long-range 
opposing electrostatic forces. Expanding each MO into atomic orbitals, the 
atomic-orbital integral (</|/i|h) is related to "core energies" /i,, and to point 
charge nucicur-uttruction energies (■„. 

(ul/ilh) = 1 - ||S J) (/i„ + lifc) - i -t- I'h) 

Here li^, li,, are input parameters, and e„= Z where the sum is over 

b^Q 

all atoms except that on which orbital a is centered, is the core charge of 
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]tom h, and is the distance between the center of orbital a and atom b. 
Note that the Cusachs approximation is used for the two-center contributions 
for the core energies, but that a normal Mulliken approximation [10], is used 
for tl)e two-center nuclear attraction energies. The evaluation of {a\h\b) must be 
carried out in a rotationally invariant manner. 

Atomic-orbital electron repulsion integrals are also evaluated using a Mulli- 
ken approximation : 

[_ab\cd] = S,,,{[aai£-c] + [bb\cc\ + laa\dd] + [.bbldd]} . 

,ind [uu|hh] are evaluated by the modified point-charge formula of Malaga 
jnd Nishimoto [11]: 

laam = (R^, + my.+y,)'])-'^ 

v^hcre and y,, are empirical parameters describing single-center electron re- 
pulsions for orbitals a and b. 

After obtaining Cl wavefunctions, charge and spin (i.e., first-order density) 
matrices were obtained for states of interest. The charge bond order matrix 
P is first generated in the MO basis. For a state formed from configurations 
'I'u hy element is simply 

where B is the one-electron operator built from l/> <i|. These one-electron matrix 
.Icnients can be calculated from published spin-projection formulas [9]. After 
finding P in the MO basis, it is transformed to the atomic-orbital basis and 
presented as output. 

Similar methods yield the spin bond-order matrix Q, with the exception that 
the one-electron operator B is now spin-dependent, being built from 
where .s, is the operator for the z component of the electron spin. Convenient 
formulas for spin-projected matrix elements of spin-dependent operators for 
wavefunctions built from orthogonal MO’s had not been published, and we 
therefore had to derive such formulas by specialization of more general 
relationships [12], These formulas will be reported elsewhere. 

The Cl calculations described here were carried out for the fluoride 
omplexes FeF^ ^ and FeF^*. and we therefore needed h„ and y„ parameters for 
1 e and F. Using ionization potentials, atomic energy levels, and STO atomic 
-Icctron-repulsion integrals as a guide, we adjusted the parameter values for 
maximum consistency with experimental data. The parameters as finally adopted 
ire included in Table 2. 


Isomer Shifts 

The isomer shift in Mossbauer spectroscopy, 6. depends upon the electron 
lensity at the nucleus under study, p(0). Values of S are proportional to changes 
1 t?(0) from a reference compound: <5 = ad(»(0), where a is known as the 
alibration constant. We are concerned here with application to Fc’’. We may 
stimate isomer shifts from our MO calculations, using the approximation that 
itomic orbitals on other centers have no density at the Fe nucleus. As the 



52 


A Traucwein and F F. Hams- 


F'c id and 4p orbitals also vanish at the Fe nucleus, the only contributing 
atomic orbital in our calculations is Fc 4.s. However, the Fe inner-shell densities 
arc also alTected by the molecular structure and at least the Fe 3s contribution 
cannot be neglected. Following ideas developed by Flygare and Hafemeister [13], 
we estimate the Fe 3.s contribution by considering its lack of orthogonality to 
the valence orbitals of neighboring ligands. This nonorthogonality can be 
interpreted as requiring a renormalization of the wavefunction, with a consequent 
change in the Fe 3.s orbital density. We also consider differences in shielding 
associated with changes in the Fc 3d orbital Occupancy. 

I he I e 4.S density at the nucleus is obtained by multiplying IWifOlP 
its coefficient as given in the bond-order matrix. There is some uncertainty as 
to the optimum value of |v’4,(0)p. Walker ci al. [14] give the value 
- 13 «i) ' calculated using the (nonrclativistic) Fermi-Segre-Goudsmit 
formula and a relativistic correction term S'{Z) which is about 1.3 for iron [15]. 
This method of calculation assumes no screening of inner s electrons by an 
additional 4s clectr(»n. However, Blomquist ei al. [16] report the smaller value 
Iv -t == 6.7 ' for Ihe electron density produced at the nucleus of an iron 

atom by a single 4s electron of configuration 3d'’4.s', based on nonrelativislic 
I larticc-Fock calculations with Ihe S'iZ) correction. In the present work we use 
both values for comparison. 

The I c 3.S density al the nucleus, including 3d shielding effects but before 
the nonorlhogonality correction, is taken as 

2\r,M- = I3H.2 - l.76212.-,,„F,, 5) . 

I'his formula is based on Hartrec-Fock atomic-orbital values for various 
electronic configurations of Fe and its ions [17]. 

The nonorlhogonality of Fe 3.s to other orbitals has the effect of changing 
the coefficient of away from 2, even though the Fe 3.v orbital is assumed 

lo remain fully occupied. The effect can be calculated by orthogonalizing the 
f e 3.S orbital lo the other occupied MO’s. The results are invariant with 
respect lo the orlhogonalization procedure chosen, and we therefore found it 
simplest to achieve orthogonality through changes of the Fc 3.s- orbital only, 
leaving ail other MO's unaltered. This approach eliminates approximations 
attendant upon the use of the symmetric orlhogonalization procedures, and 
which are only marginally justified for the degree of overlap encountered in the 
complexes presently under study. We therefore write 

= I <0,IV’3,> 0.j- 

where ' ' * ' 

N = (1- X 

\ i*3l I 

the 4>i ute occupied MO's and is the 3.s Hartree-Fock atomic orbital. 

Now the density at the Fe nucleus may be written 

t'fO) = F4,4.IV4.(0)P +2iV-| (/.„(0)p 

= ^4..4.IV4.(0)|* + IV3,(0) - BV4.(0)I^ 
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where ^ = and B = In using this expression 

Qb a 

for (>(0), we assume that the overlap integrals are to be evaluated using 
Hartree-Fock atomic orbitals, as STO's give a qualitatively incorrect overlap 
with Fe 3s. We may then omit Fe 4s from the summations in A and B. as 
Sj, 4 j = II- I'ave omitted the 1 s and 2s contributions to e(0) because they are 
assumed to be constant for all the complexes under study. 


Quadmpole Splitting 

The Mossbauer quadrupole splitting AEq is proportional to the electric 
quadrupole moment Q of the Mossbauer nucleus and to the electric field gradient 
there, q: AEQ = \e~qQ. The field gradient is calculated here from contributions 
of the Fe 3d and Fe 4p orbitals, plus contributions from ligand orbitals estimated 
from the distribution of net atomic charge. 

Complexes of symmetry Q, have no quadrupole splittings, while those of 
symmetry C\, or have splittings given in the above-described approximation 
by 

= -/?)<r •’> (lP3a.3d./3a+ ZF,tp.4p/4p) 

I 4p j 

+ (l 

The 3d and 4p summations are over the appropriate sets of Fe orbitals, the a 
summation is over all atoms other than Fe: and are the net charge. 

: coordinate and distance (from Fe) of atom a. We actually limited the sum over 
a to the nearest neighbors of the Fe atom. The quantity <r ’> is the common 
radial factor resulting from taking the expectation value of (32^ - r^)/r’; angular 
•"actors needed for individual 3d and 4p orbitals of varying magnetic quantum 
lumber are indicated as /j^, /^p. These factors are ^<±2 = 4/7, fu±i = -2/7, 
/ 3 Jo= -4/7. / 4 p±, =2/5. / 4 po= -4/5. The quantities (1 -i?) and (1 are 
iternheimer shielding corrections [19]; \ —R represents the shielding effect 
ixperienced by charge on the Fe atom, while 1 — gives the antishielding 
actor to be applied to charge far removed from the Fe atom. In this work 1 - y^, 
vas assigned the value 10.1. 

The major uncertainties in the calculation of AEq are the assignments of 
■alues to Q and (1 - f?)<r ^>. The value of should be expected to depend 
ipon the electronic configuration of the Fe atom. The quantity AEq 
= 1 e^0(l - R) <r ' 7 has been measured by McNab et al. [20] in an Fe dimer, 

vith the result AEg = 4.05 mm/sec. This dimer is interpreted as having Fe 
:lectronic configuration 3d*, for which (I - R) <r“^> has b«n calculated to have 
he value 3.3 a.u. [21]. These data yield for the relevant state of Fe^^ the value 
7 = 0.21 barn, which was the value adopted in the present work. The literature, 
lowever. contains other estimates of Q ranging from 0.17 bam [22] to 
).41 bam [23]. 

The compound FefCO), has a calculated Fe electronic configuration 
ld'’4s® °*4p® and we have assumed the 4s and 4p occupancy to have little 
effect on the value of <r"^>. We have consequently assumed that for FcfCO), 
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wc may use /d = 4 mm/sec. essentially the same value measured for a 
id*' configuration. However, our other compound with quadrupole splitting. 
FelCNljNC) ^ has a calculated Fe electronic configuration with a higher id 
occupancy, and this will lead to a reduction in <r~^> [22] which we have 
accounted for by reducing /lEy by 10%. 


Results and Discussion 

In lablo 4 wc present calculated data indicating some features of the charge 
distributions in the six iron complexes under study. Two of these complexes, 
I el „ ' and l ei arc largely ionic, while the remaining four complexes have 
con.sidcrably more covalent character. The fluoride complexes arc “high-spin" 
compounds, and were studied by the Cl method; for the other complexes only 
Hiickel calculations were made. As is generally true of well-calibrated semi- 
cmpirical studies, the methods used here probably suffice to give qualitatively 
reasonable charge distributions in the occupied MO's. In Table 5 we give 
cxperimentiil and calculated values of quantities related to spectroscopic 
observations. 

l.el us start by considering the Mbssbaucr isomer shifts d. Considerable 
previous work has dealt with the evaluation of isomer shifts and their relation 
to calculated charge densities yfO) at the I 'c*’ nucleus [24 35]. However, some 
of these studies differ from the present work in that they have not fully included 
the eflect of changes in the Fe electronic configuration from one compound to 
another. Examining first the two fluoride complexes, we note that the d and e(()l 
values correspond to a calibration coastant a = ,1(5/ ,4 (?(())-• -0..38 t/jj mm/scc. 
in qualitative agreement with the values -0.4 of Ingalls et al. [24] and -0.34 
of Chappert el al. [25]. This a value differs substantially, however, from the 


Tahlc 4 Dianiiicil hond-iirdcr malrix clemcnt^ amt atomic charges of iron complexes. Data 
calculated by Hiickel melliod except for the fluoride complexes, for which .spin-projected t'l was 
used Atomic charges obtained using centroid projection method described in the text. Orientation 
of complexes in the coordinate system is specified in Table -A 
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letfNl, 

NO • 
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FelCN),,-* 
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Oil 

0.15 
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0.14 
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0.27 

I-c: 0.40 

Fe- 0.14 

Fe- -0.0.1 

Fe: 0.52 

Fe: 040 


N,: - 

O.Oh 

C, j:0.07 

C: - 0..11 

C: -0.38 

F: -0..59 

F: -0.72 


C,: - 

0.16 

(.■4 , 0.08 






s: - 
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Tabic 5 Isomer shifts o. charge Jciisilics at l e nucleus tnO)', quadrupole splittings tty. ligand field splittings 10 Dq. and spin populations at he ii. Calculated 
data by Hiickel method except for the fluonde complexes, for which spin-projected CT was used, with S = 5 2 for FeF^ S = 2 for FeFj * 
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Naiman.C.S.: J. chem. Physics 35. 323 (1961). 

IClixbiDI-Jargensen.C.: Absorption spectra and chemical bonding in complexes, p. 110. London: Pergamon Press. Ltd. 1962. 

Oellcrug-D.: In; Structure and bonding, Vol. 9. Berlin; Springer-Verlag 1971. 

Shulman and Sugano (Ref. [32]) reported a value of about 20,000 cm"'. 

Individual entries marked “q~ are calculated using the Blomquist value for |v'4.(0)|^ (see text). All other e(0) entries are based on the Walker value of Itp^ifO)!^. 
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value -0.15 obtained by Simaiiek and §roubek [26] through consideration of 
FcO and Fc^Oj. and a similar value obtained by §imahek and Wong [27] on 
Fcr -2 and FcFj. 

1 Ipon examining the work of §imahek et ai. we note that they made several 
different approximations than were used in our work. In including the correction 
for orbital nonorihogonality in the fluoridc.s. they neglected the overlap of Fe 3s- 
and 1' 2s orbitals, retaining only the Fc 3s- !• 2pa overlap. They also assumed 
the fluorine 2 .s orbitals to be fully occupied, whereas we took the fluorine orbital 
occupancies from our MO calculations. To determine more fully the results of 
these approximations, wc repeated our calculations of tdO) neglecting the 
f-e 3.S - 1- 2po overlap, but retaining our charge distributions as calculated. The 
result, shown in Table 5. leads to a reduction of the calibration constant to 
1 0.26 u;' mm/sec. halfway to the value of l^imahek el al. 

Simaiiek and Srmibek observed that the large change in S on going from 
Te ' ' to 1 c* ’ salts could be consistent with their calibration if the Fe 4s occu- 
pancy were considerably higher in the trivalent salts. However, this hypothesis 
doc's not agree with our MO calculations; we find very little increa.se, from 
0142 in Tel-,,** to F 4 , 4 , -0.145 in FeF^ If we look at the 4s orbital 
charge as obtained from a Mulliken population analysis, the corresponding 
numbers are 0,37 and 0.33. The value 0.33 for trivalent Fe is in good agreement 
with an earlier astimate of 0.32 made by Danon [2K] and by Viste and Gray [29]. 
Our work suggests a .1(,)(0) between divalent and trivalent fluorides somewhat 
smaller than postulated by Simaiiek and ^troubek, and mainly due to changes in 
overlap integrals with intcrnuclear distance and to changes in 3d shielding. In 
summary, even for these relatively ionic compounds it may be a serious over- 
simplificiilion to approach loo ckisely descriptions such as Fc* * and F'. 

To assess further the reliability of our calibration, we made one additional 
auxiliary calculation in which we used the Mulliken-pupulation orbital charge 
instead of ^4s. 4.\ as a measu.'e of the Fe 4.v orbital occupancy. This is probably a 
poorer measure of the 4.v contribution to (>(0), as the overlap charge causing an 
occupancy difference from ^ 4 ^, 4 ,, is for the most part not near the Fe 
nucleus, liven so, the calibration was only altered slightly, from —0.38 to 
-0.35 ■’ mm/scc. 

Wc now turn to the more covalent compounds. Attempts to relate these to 
the fluorides fail, most probably because small inconsistencies in the parametri- 
/ation of F' in relation to Ci, N, and O can produce systematic changes in charge 
distribution of a magnitude sufficient to obscure the tiny effect under study. 
Flowever, meaningful comparisons can be made within the group of more 
covalent compounds. 

Our first observation in these compounds is that their differences in ^(0) 
are small, in agreement with the narrow range of observed S. If we allow for the 
uncertainty in the calculated ff(0) for Fe(CO)j (this uncertainty comes from that 
in the Fe-C bond length) and if we use the Blomquist value for lv’4,(0)|^. we 
find that the e(0) values are consistent with a calibration in the range a = -0.31 
to -0.38 no mm/sec, in agreement with our analysis of the fluorides, and in 
agreement with our recent isomer shift calibration using multivalent states of 
’^Fe in KMgFj [30], Furthermore our molecular orbital study of Mossbauer 
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results on iron dissolved in solid noble gases [31] supports the choice of 6.7 Uq ^ 
for the electron density produced at the nucleus of an iron atom by a single 4s 
electron of conFiguration 3d‘’4s‘. 

The cyanide complexes have previously been studied by Shulman and 
Sugano [32], who attributed the small Ab between Fe(CN)j * and Fe(CN); ^ to 
nearly unchanged and both compounds. We find this to be 

nearly consistent with our MO studies, which show that a small change in ^(0) 
due to change in is nearly exactly compensated by a small change in 
^idPid.id- In contrast to the fluoride compounds, the Fe-C bond distances 
remain almost unchanged on going from Fe(CN)^* to FefCNlg^. so that 
changes in overlap integrals are unimportant. 

Thus far, we have not emphasized the fact that all our nonorthogonality 
corrections in e(0) have been based on Hartrec-Fock atomic orbitals rather than 
STO's. The STO's seriously underestimate the overlaps and cannot realistically 
be used in this context. Moreover, the nonorthogonality of Fe 3.f and 4.v STO's 
would introduce a correction of questionable value. 

To summarize, our study of both ionic and covalent iron complexes 
leads to an Fe'’ Mbssbauer calibration value in the range a =—0.31 to 
-0.38 Uo mm/scc. 

The reliability of the MO studies can also be studied by examining other 
calculated quantities. In the present work, these include quadrupole splittings 
.1 £q, ligand field splittings 10 Dq. and atomic spin populations at Few,. Two 
of the compounds under study have nonvanishing AEq., both calculated values 
are in qualitative accord with experiment. The 10 Dq values are also satisfactory, 
and the spin densities (only applicable to the high-spin compounds) look 
reasonable. 
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The zeroth order cxeitonic wave-function built previously is considered as a zeroth order wave- 
function for the excited state. The interaction with other singly, doubly and triply excited determinants 
IS taken into atx'uunt through a 2"'* order perturbation process. A proper dcHnition of the unperturbed 
I lamiltonian allows cancellation between the ground state and excited slate scries, and thus the direct 
calculation of transition energies. The complete liK'ulization of MO's in the CNDO approximation 
makes the calculation very rapid. The methiHl is applied to the series of linear polyenes 
H-(C'H=-CHI« H(2^ A/i"?) with the CNDO^ para met rizat ton. The evolution of the excitonic 
wave-function is analyzed. 

Die zuvor konstruierte excitonische Wellenlunktion nullter Ordnung wird als Wellenfunktion 
nullter Ordnung Tiir den angeregten Zustaml verwendet. Die Weehselwirkung mit andcren einfach. 
doppcit und dreifach angeregten IX-terminanten wird mittcls Stiiningsrcx'hnung 2. Ordnung be- 
rucksichtigt Hci gecigneier Wahl dcs ungesidrten Hiimtltonoperators hebl skrh der (irund/ustand 
hei Berechnung der flhergangsenergien heraus, was auf ihre dirckte Bestimmung hinausliiuft. Die 
vollstiindige Lokalisierung der MO's hat zur Kolgc. dull bci Anwendung des CNDO-Verfahrcns die 
Berechnung sehr schnell vonstalten geht Die Methode wird auf die Reihe linearcr Polyene des Typs 
H -(CH=CHl,v-M(2 s; N g 7) angewendet (CNDO/2-Parametrisicrung). Die excitonische Wellen- 
lunkttun wird beziiglich der /cllenpopulation und dcreit Schwankungen untersucht. 

On prend la function d'onde cxcitoni<,|ue deja construitc comme function d'onde d'ordre zero 
pour I'ctat excite. L’interaction avee les autres determinants monocxcitds, les determinants di- ct 
tri-excites est prise cn consideration par une perturbation au 24 ordre. Un choix judicieux dc I'Ha- 
miltonien non perturhe met en evidence d'importantes suppressions entre les scries de r6tat excite 
et dc I'ctat fondamental, ct par cuns4qucnt Ic calcul direct des 4ncrgies de transition. Malgr4 Ic caractcrc 
multiconrigurationel de V',,, la localization complete dcs OM rend le calcul extremement rapide dans 
les hypoth4scs CNDO. lat methode est apphquec a la scric des ps>ly4nes lineaires li -(CH =CH)«-H 
(iV - 2 a 7) Analyse de la function d'onde exciloiiiquc cn terme dc populations dc loge ct dc Icur 
nuetuations. 


The use of fully localized Molecular Orbitals (MO's) for the ground state 
energy calculation appteared to be very interesting from both computational 
and interpretative points of view [1]. The PCILO (Perturbative Configuration 
Interaction from Localized Orbitals) method [2] built along this scheme has 
been widely used for conformational studies. This method, at least with the 
CNDO [.1] approximations on the atomic integrals, is much more rapid than the 
usual variational methods. The use of localized MO’s for the excited states repre- 
sentations generally requires multiconfigurational wave functions. The weH- 
known excitonic methods [4] use fully localized MO's and represent the excited 
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stale as a linear combination of local single excitations. The linear combination 
results from the solution of the Configuration Interaction (Cl) problem between 
the singly excited determinants. In the prccceding paper of this scries [5], the 
construction of such wave-functions have been analysed for conjugated systems 
and it has been proved that the nn* transitions might.be treated as linear combi- 
nations of mi* local single excitations, the in—n) coupling which mixes the mt* 
and ff(j* excitations being treated by pcrlurbational methods with a sufficient 
accuracy. 

Hut such excilonic wave functions may only be considered as zeroth-order 
wave-functions. When one treats the ground stale problem one takes into account 
all the singly and doubly excited determinants which interact with the /croth- 
onler ground state determinant, and which introduce respiectively delocalization 
and correlation effects f 2). T he linear combination irf singly excited determinants 
will interact w'ith the ground state determinant, and with numerous doubly and 
triply excited determinants. In order to calculate a reasonable transition energy, 
one must take into account in a coherent way both the interactions with the ground 
slate determinant and with the excited stale zeroth order wave-function. The 
present p.iper proposes a method which calculates second order corrected 
transition energies; the second order energy corrections are calculated from both 
the hilly localized single determinant lor the ground state and the excitonic 
multiconfigurational wave-function lor the e.xcited state. A convenient definition 
of the unperturbed I liimiltonian //" allows important cancellations between 
the two scries Due to tlic.se cancellations, the cannpulalional lime of the transition 
energy i.s analogous to that of the ground state energy calculation.s. despite the 
multiconfigurationtil chtiracier of the excited stale and the very great number of 
doubly and triply excited configurations included in the process. 


I. Method 


T he zeroth order wave-function is a linear combination of certain number 
of detcrminanl.s. defining a subspace S 

I (I) 

h S 


For the nn* transitions, the states will be the singly excited nn* determinants 



aj. 




J 

{n\ 


( 2 ) 


T he coefficients c„jj. are obtained from the diagonalization of the Cl matrix 
restricted to the S subspacc. i.e. the tt excilonic matrix. Therefore the interaction 
matrix elements between the zeroth wave functions of two nn* excited states 
V'pJJ and are zero. ^ | ^ j _ q 


The Cl matrix restricted to subspacc S is diagonal in the basis of the function V'”. 

Now one performs a change of the basis set of the Cl in the subspace S; the 
determinants outside of S are kept unchanged. Therefore the new basis is now 
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I ip. 1. Structure of the interactions between the cvcitonic wave-functions with the various functions 
of the new basis set of the Cl matrix. d>„ is the ground state single determinant 


i) the multiconfigurational wave functions in the subspace S, 

ii) the single determinants <Pj outside of 

Since the singly excited determinants j belonging to S interact with other 


singly excited determinants outside of S and some doubly and triply excited 
determinants, the states V” also interact with these determinants, as illustrated 


in F'ig. 1. 

Wc shall take into account through a second order perturbation prcx.'ess the 
interactions of the excitonic wave-function V'J, for the slate m with the ground 
state determinant on one hand and with the various excited determinants outside 
of S on the other hand. 

In the second order energy, the summation is restricted to the determinants 
outside of S: 

''m ~ 2. pO L'O 

Its 


(3) 


where CJJ and are the /.eroth order energies associated with the state m and the 
determinant 0/ 


= £',’0,; for I^S. 


(5) 


H‘’ will be defined by these relations, and by a proper choice of and E". 

£y will be taken as the mean value of the exact Hamiltonian for the state <P/, 
according the Epstcin-Nesbcl partition of the total Hamiltonian [6]. 




(6) 


£” will not be taken according to the same definition which would lead to absurd 
dependencies of the transitions energies to the number of particles [7]. Wc use 
a “barycentric" definition of for the state m 

lit, <<!>,] H\<P,y (7) 

ItS 


£“ differs from the eigenvalue E'„ of the cxcitonic matrix. If P, is the projector on 
the subspace S, 

P,HP,'P^ = E'„n ( 8 ) 

/ J 


65 



62 


J. l.anglet and J P. Malricu: 


As will be shown further on. this definition of will lead to important cancel- 
lations in the calculation of the transition energy. 

The second order energy may be developed. 


*'»" Zd Z- iro L’ii 

liS J-S ‘'m ~ 

Z. 2^ ^^nij‘mK r-O rtl 

liS UK ‘-I 

c.S 


( 10 ) 


111 this expression, (he first terms will he called diagonal terms, and the second 
ones will be called cross-terms. Since one is supposed to work on a given excited 
state, the subscript m w'ill Ix’ omitted hereafter. 

Among the coiifigiirations / outside ol .V. one finds first the ground state 
conliguration, which leads to the correction 


a 


'L'L'L'L. 

» / k I 

• ir 



E 


(II) 


where in 'ilTl/*/, /' is the 1 -ock operator. I'his lTH;k operator reduces to 
its monoelccti ic part if i and / are different when (he MO's are fully lix;ali/ed in 
the CNDO hypotheses 

fhe subspace outside of S al.so includes singly excited configurations. 

If S is built of singly excited j configurations, the singly excited con- 
figurations outside of .S' belong to two groups; 


the j singly excited crinfiguration.s. which reduce to the "polarization” 
configurations in the I’Cll ()-C'Nl)() hypotheses. 

the I and j configurations, which only play a role in non-planar 

systems, fhe second order elTect of the singly-excited configurations is given in 
Appendix. 

According to the Slater’s rules, a singly excited configuration j only 
interacts with the doubly excited determinants which involve cither i or /* in 


the full lixali/ation implies 

t* ^ i* to get a non zero < 


or 


i = i to gel a non zero 


or <P 




\l 

P 

iP*\ 



(■■) 

»\ 

1 


ii*\ 


/ 

C) 

H 

*( 


matrix element. 


matrix clement. 
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The doubly excited determinants which belong to the summation over I in Eq. (3X 

actually involve one j excitation and one ^ j excitation, where p and 4 may 

be (T or 71 MO's. If n, is the number of n bonds, and n the total number of bonds, 
(he number of doubly excited determinants involved in the 2nd order correction 
of the excited state is proportional to nj x n^. 

The triply excited determinants which interact with a given 4>[( ] singly 


excited determinant may be written as 


\/ p r 


according to the Slater’s rules. 


But the CNDO hypotheses and the full localization of the MO’s implie 
p = </ and r = .s (or p — s and r = q) 


since 


0 


r q* s* 


H 


0 


= <pr\q*s*y - ipi-\s*q*y . 


Once more the number of triply excited determinants interacting with the zeroth 
order description of the excited state is proportional to nl x n^. 

One may already notice at this stage the benefit of the localized model; 
in a delocalized framework, there would be n* triply excited configurations 

li* ■v*\ (i*\ 

p r ] ‘‘ given singly excited determinant 0^. j, even in 

the CNDO hypotheses. This feature already balance the disadvantage of having 
a multiconfigurational zeroth order wave-function for the excited state. 


2. Cancellations between the Ground State 
and Excited States 2*^ Order Corrections 

One knows that if one uses the same set of MO's for the ground state the 
excited state, and if the excited state zeroth order wave-function is a single con- 
figuration, important cancellations occur between the perturbation scries of the 
ground state and of the excited slate [8]; for instance in the second order energies, 
the effect of most of the triply excited determinants upon the excited configuration 
arc equal to the effect of most of the doubly excited determinants upon the ground 
state determinant. 

We shall demonstrate that this phenomenon, whieh may be called “cancel- 
lation of common diagrams in transition energies”, also occurs in the excitonic 
treatment as long as a correct definition of f/° has been chosen. 

Let us consider for instance the cfTcct of the delocalization single excitations 
P~^q*(p¥^q) on the ground and excited states. On the ground state these ex- 
citations lead to the so called delocalization 2™* order energy [2j 
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On the cxcilcd stale, such excitations are also possible. They will lead to some 
cross terms which will be analysed in the Appendix and diagonal terms 


,;f dcU II 112(4^(1 

I / n*<i \ ‘ 


H 




where K is a remainder triple summations where /> or i/ = i or /; this term occurs 
because when /) or q is equal to i or /. there is only one excitation in.stead of two. 


;• q* 


l et us iissume 


./dcl^«.IIe^.Il2f-./(F-/-" ; 

I / 

/•:"('* ''*) tT.. 

'in! 'll 'p I 


\ hen 


/ •; / 




(13) 


(14) 


/•!; K" 


.■oil 


/•;' - /; 




Since is the baiycenler of the ” single excilalions. the quantity E' - E^r 

n \i 


is small with respect to the denominator /io - | which represents a single 
excitation energy. I herefore. a limited devekipmcnt gives 
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Fig. 2c 

I'ig. 1 Evolution of the experimental and calculated transition energies Sg-S, towards the first 
singlet excited state (2a), Sg - Sj towards the second singlet excited state (2b|, Sg - 7j towards the first 
triplet excited stale (2c). + t experimental values in vapor state, ■ - experimental values in 
solution, X X Ej* zeroth order transitiim energies, O O “ zeroth order transition energies 

corrected by the ^ ] singly excited determinants, A A Ef calculated transition energies after 

' the full second order correction 

The normalization condition and the definition of E' [Eq. (8)] imply = * 

and £' = X Z ■ ) • Therefore cf del + /? = eI del. 

i j V / 

This demonstration requires Eq. (13) to be valid. This is verified if for the 
ground state is the sum of monoelectronic hamiltonians, for instance in the 
Moller-Plessct definition of H° [9] ; with such a definition the transition energies 
are simply differences between monoelectronic energies, and are therefore ad^ 
ditive. With the Epstein- Nesbet definition of W® [6], Eq. (13) is only approximate. 



66 


J Ijingict and i. P. Malrieu: 


The practical consequence of this cancellation is that if del has been already 
calculated for the second order ground state energy, through an summation, 
the calculation of the delocalization effects on the transition energy only requires 
the calculation of K, through a x n summation and of the cross terms. The 
number of cross terms contributions is demonstrated in the Appendix to increase 
like X a at most. The cancellation of common diagrams reduces the computa- 
tion time from aja* to a-^a. Ihe same considerations might be developped for 
the 2*^ order correlation effects on ground stale, resulting from the interaction 
with the doubly excited determinants, and on the excited state, resulting from its 
interaction with the triply excited determinants. 


3. (Calculated Transition Energies 

We have siiidicd the all-trans linear polyenes C 2 (vH 2 ivt 2 from N = 2\o N —1. 
Mo.sl of cxpcrimcnlal spectra have been obtained in liquid phase in solvants 
such as hexane or isooclane [ lOJ. Hut for butadiene, hcxatrienc and octatetraene, 
sjH;ctra in gaseous phase have been given f 1 1 ) showing a bathochromic solvant 
elTect i>f 0.2 0.3 eV. 

In our calcuhitions, all bond angles are taken equal to 120 and the b«md 
lengths are those calculated by Julg [ I2J. 


a) .S’„ - .S', Ihinsitiims Eniri/ics 


Table I gives the zeroth order transition energies fc’", i.e. the transition energies 
calculated ;ifter the diagonali/ation of the (rr) excitonic matrix, Ef" the transition 
energies including the second order correction of the o monoexcited configurations 


j on the excited stale, /s',’ (he transition energic*s obtained after the full 

secv)nd order correction on both states, and E, the experimental transition energies 
(/s', , t, , are obtained respectively in vapor phase and in solution). 

Figure 2a shows the evolutions of /s[‘, /s',’ "*, Ef and the experimental (/s', ,, and 
T, ,) transition energies with N, the number of double bonds. 

The curve E]’ parallels the experimental one, but lies .several clectronvolts 
too high. 

The curve Ef ” runs also quite parallel to the experimental curves, the calcu- 
lated transition energies are always lower than the calculated (n) excitonic transi- 
tion energies E". due to the negative effect of the (n) singly excited configurations. 


The effect of the singly excited configurations ^ j is rather important 


in 


small polyenes as noticed by Fler/enberg et al. [12], Dunning and Me Koy [14] 
and Giessner and Pullman [15]. Denis and Malrieu [16] had demonstrated that 
this efTcct decreases as ' w'hcn using the u.sual delocalized description. In our 
model, one notices only a small decrease of this correction (1.05-0.95) when N 
varies from 2 7 (Table 1 ). The value of this correction tends towards a mn-zero 
constant. This difference between the delocalized and excitonic models is due to 
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Table 1. Experimental and calculated transition energies for H-(CH=CH)»-H polyenes from N = 2lo 

N = 7 


.V 

State 

Experimental 

values 

E? 


E/ 

.fl 

f2 

dl 

d2 

cs 

td 

2 

SI 

5.9 (5.7) 

969 

8.65 

10.09 

+ 0.39 

-1..38 

+ 0.40 

+ 0.57 

+ 1.23 

+ 0.23 


S2 


13,69 

12.34 









Tl 

3.20 

5.99 

5.99 

6.98 

+ 0.66 

-0.65 

+ 0.% 

+ 0.48 

- 0.47 

0 

y 

SI 

5 (4.75) 

7.94 

6.96 

7.95 

+ 0.75 

-1.76 

+ 0.49 

+ 0.60 

+ 0.64 

+ 0.27 


S2 


10.99 

9.99 









Tl 

2.60 

4.81 

4.81 

5.65 

+ 1.12 

-0.97 

+ 1.05 

+ 0.52 

-0.97 

0 

4 

SI 

4.45 (4.20) 

7.15 

6.18 

6.59 

fO.92 

- 2.05 

+ 0.54 

+ 0.62 

40.12 

+ 0.29 


S2 

(5.84) 

9.38 

8.36 

9.86 

+ 0.70 

-2.07 

-I 0.55 

+ 0.62 

+ 1.48 

+ 0.10 


Tl 

2.20 

4.30 

4.30 

4.84 

+ 1.27 

-1.20 

+ 1,09 

+ 0.53 

-1.16 

0 

5 

SI 

(.T75) 

6.75 

5.80 

5.83 

+ 0.99 

_ 2 22 

+ 0.57 

+ 0.63 

-0.25 

4 0.31 


S2 

(5.27) 

8.39 

7.40 

8.72 

( 0.84 

-2.15 

(-0.56 

4 0 63 

+ 1.20 

+ 0.17 


7 1 


4.06 

4.06 

4.40 

+ 1 33 

- 1.31 

+ I.IO 

- 1.54 

-1.32 

0 

b 

SI 

(3.45) 

663 

5.58 

5.36 

+ 1.03 

-2.29 

+ 0.58 

4 063 

- 0.49 

40.31 


S2 


7.77 

6.81 

7.79 

1 0.92 

- 2 24 

+ 0.57 

+ 0.63 

4 0.85 

+ 0.22 


71 


3.93 

3.93 

4.15 

+ 1.35 

- 1.37 

+ III 

+ 0.55 

- 1.42 

0 

7 

SI 

(3.18) 

6.40 

5.45 

5.04 

+ 1.05 

- 2.3.3 

+ 0.59 

4 0.63 

- 0.66 

4 0.31 


S2 


7,35 

6.40 

7.08 

+ 0.97 

- 2..30 

fO.59 

+ 0.63 

+ 0,.52 

4 0 25 


71 


3.86 

3.86 

4.00 

+ 1.37 

-1.41 

+ 1.11 

4 0.56 

-1.48 

0 


The ex perimental transition energies as those obtained in solution I values between brackets) and in 
vapor phase. 


E" -- Zeroth order transition energies. 

Ef-" = Zeroth order (rttnsition energies corrected to the T* order by the I I .singly excited con- 
figurations. 

E} - 2"^ order corrected transition energies. 

s I = diagonal 2"*' order correction due to the dekKali/alion single excitations. 

.s2 - diagonal 2"^ order correction due to the polarization single excitations. 

d I = diagonal 2"^ order correction due to the «J.u, double excitations. 

d2 = diagonal 2"'* order correction due to the double excitations. 

I'.v and i d are the cross terms for the single and double excitations. 


the non vunishing weight of the polarization local excitation 



in the cxcitonic 


model and will be discussed in details in a further publication [17]. 

Figure 3 gives the evolution of the second order correction due to the single 
excitations, the double excitations and the full second order correction. 

The effect of the single excitations on the transition energies decreases from a 
positive value for lV = 2( + 0.23) to a negative value which tends to a constant 
for N >1. This effect can be analyzed as follows: 

- The delocalization excitations a* a^{p ^ q) are all possible on the ground 
.state determinant, while some of them are impossible when acting on the excited 
determinants. Since in the CNDO-PCILO hypotheses, the matrix elements 
arc the same, the final diagonal correction is positive (see 1“ term of B i/a and 
B 3/a of the Appendix ). This correction tends to a nearly constant value for 
N>5 (see Table 1). 
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I'lg l .voUilion wuli \ (if the varidUN scciind utder corrcciums upon the transition energy Correction 
due to llie single uxcilations upon the first singlet .S', x x . llie second singlet Sj x x, the First 
triplet /, X ' X . ( orreclion due to the double excitations upon the first singlet S, # #. the 

second single! .S', • •. the first triplet 7, • •. Total second order correction upon the first 

singlet A A. the second singlel A A. the first triplet A - A 


I'hc polarization excitations ap.M^givc stronger interactions with the excited 
determinants j than with the ground-state determinant (2“* term of the contri- 
bution B -Vu of Appendix) and their diagonal element is therefore negative. The 
variation of this correction is rather important but tends to a constant. 


The non-diagonal corrections (due to the interaction of the same doubly 
excited determinants with iwo singly excited determinants) arc mote difficult 
to analyze, and depend on the sign changes of the cxcitonic wave function. 

The double excitations increase the transition energy by a quantity (curve C) 
which increases slightly from A = 2 to Af = 4, and remains constant for N^4. 
This effect is mainly due to impossibility of making an excitation on a 


determinant 0 



if p or q are equal to i or j. 


The final full second order effect is positive for Af <; 3 then it becomes negative 
and tends to a constant value which is not yet obtained for (V = 7. This correction 
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decreases the parallelism of the calculated and experimental transition energies 
curves, at least for the small values of TV *. 

One may compare Ef, including the full 2"^ order correction, with Ef " which 
represents the usual Cl of singly excited states. One notices on Fig. 2a that for 
N = 2 io N = 4, Ef> Ef-", while for TV > 5, Ef < Ej*’". In the region 3 < TV < 6 
(usual conjugated systems) the difference between the full 2"^ order corrected 
transition energy and the usual singly excited states Cl is rather small which may 
explain the success of this approximation. 


h) S„ — Sj Tranxifion Energy 


The transition So - Sj toward the 2“* singlet state is reported in Fig. 2b and 
Table I. The results Ef are not reported for AT = 2 and 3 since a near degeneracy 
occurs between the excitonic wave function tP” and the doubly excited deter- 


minants of the 


type 


j. For larger polyenes the degeneracy occurs with higher 


excited states. 

The calculated transition energies arc too high, worse than for the So — S, 
transition, but the various effects arc rather similar, except that the fully 2"“* 
order corrected transition energy Ef is always close to Ef, the excitonic transition 
energy, and larger than Ef”, the singly excited Cl result. 


As concerns the effect of the singly excited determinants 



two factors 


compete; the second excited stale is more polar than the first one, and thus 


interacts less with the 



determinants, but it lies higher in energy, and the 


denominator energies are smaller. 

The single excitations lower more the S,, — S, transition energy than the 
So - S 2 transition energy. A detailed analysis shows that this is predominantly 
due to the cross terms and is difficult to analyze. The double excitations have a 
very small (~0.leV) and decreasing effect on the spacing between the two 
lowest singlet excited states. The full 2”‘ order correction increases the spacing 
between these excited states. 


c) S, — T, Energy Difference 


Figure 2c gives to evolution with TV of the zeroth order and the second order 
transition energy is S„-T^. 

The singlet-triplet spacing is known experimentally for TV = 2 to 4. The n 
excitonic treatment gives too large a spacing. This spacing is diminished under 


the influence of the 



monoexcited states by an almost constant quantity 


' All the results given here take into account the cancellation nt common diagrams demonstrated 
in Section 2. This cancellation is only approximate (especially in the Epstcin-Nesbet definition of If”). 
Calculations performed without taking ^nefit of these cancellations show that they arc well satisfied 
for double excitations, but the “common" single excitations may introduce a correction up to O.S eV. 
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Fig. 4 Weights of the excitonk wave function on the local excitations (in per cent). The number on 
line I and column i gives the weight on the i-iy* process. The upper part concerns the S, singlet excited 
state, the lower part concerns (numbers between parenthesis) the second singlet excited state Sj, The 
symmetry of the problem implies (i.;) to be equal to ()V - i + 1, /V -j + 1) 
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Table 2. Mean n population, (n) and n charges fluctuations {a) in the double bonds loges for the 
exciionic description of the two first singlet excited states 


.V 

State 

Loge 1 

n 

IT 

Loge 2 

n 

ff 

Loge 3 
B 

a 

Loge 4 

n 

ff 

2 

s, 

2 

0.65 








S2 

2 

0.71 







i 

S. 

1.99 

0.51 

2.02 

0.67 







2.22 

0.51 

1.57 

0.51 





4 

S, 

I.9K 

0.38 

2.01 

0.61 






Si 

2.10 

0.49 

1.90 

0.52 





S 

S, 

1.99 

0.19 

2 

0.50 

2.02 

0.60 




Si 

2.03 

0.43 

2.04 

0.49 

1.87 

0.44 



6 

S, 

1.99 

0.21 

1.99 

0.42 

i02 

0.56 




^’2 

2.01 

0.36 

2.04 

0.49 

1.95 

0.41 



7 

S, 

1.99 

0.17 

1.99 

0..34 

2.00 

030 

2.05 

0.54 


Si 

2.00 

0.21 

2.02 

0.45 

2.00 

0.43 

1.95 

0.32 


(~1 eV) since in the CNDO approximations, the triplet n and triplet <t con- 
figurations do not interact [16], The single excitations stabilize more the triplet 
excited state T, than the ground state S®, but this stabilization varies more slowly 
than the corresponding stabilization for the singlet excited state S, , so that the 
S^~T^ distance is reduced. The double excitations only give a small decrease 
(2:0.2eV) in the S, - T, spacing. 


4. Analysis of the Wave Functions 

a) Ionic versus Neutral Structures 


One may analyse the evolution of the relative weight of ionic (delocalization) 
versus neutral (polarization) structures in the zeroth-order excitonic wave- 
function. It appears from Fig. 4 that the first singlet is more neutral than the 
second one, nut the difference decreases when N increases. One may notice that 
.the weight of neutral structures in the first singlet excited state tends towards a 
constant about 46%. This fact is very important because it introduces a qualitative 
difference with the usual delocalized MO descriptions of excited states and will 
be demonstrated and discussed in detail elsewhere [17]. 

In the triplet states, the neutral structures have larger weight. This is mainly 

due to the fact that the triplet /*' j polarization configurations have lower energies 


than the 



polarization configurations, while the 




have 


the same energy in the CNDO approximations. 


hj Localization of the Excitation on the Nuclear Skeleton 

Qualitatively, from Fig. 4, the first singlet excitations appears to be located 
on the center of the molecule (bond N/2 and N/2 -t- 1 if N is even {N + l)/2 if Af is 
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odd), the second excitations being more probable on the neighbour bonds (bonds 
number N/2 - I and N/2 + 2 when N is even (N — l)/2 and (N + 3)/2 when N is 
odd). 


c) The Populations in the BonJ-Loges and their Fluetuations 

Table 2 gives the n bond charges, i.e. the mean n populations or mean numbers 
of n electrons per double bond in the two lowest singlet excited states. The lowest 
singlet slate appears to be almost neutral, in agreement with the pairing theorem 
in the delocali/cd description. The fact that the mean population is almost 2.0 
does not mean that the polar charge transfer structures play no role. It simply 
means that the i --*/* and / -»/* excitations have almost equal weights. 

On the contrary the second singlet slate implies significant displacement of 
the mean charges. Ihe central bond(s| is (are) positive, the other bonds are 
negative. 

We also have reported in l ablc 2 the fluetuations of the number of n electrons 
per double-bond. I'or a wave-function 


Ip 



one may rlefine the number of electrons in bond k for ip 






using the operator ii‘. number of particles in loge k [19]. 
I'hen if n‘ is the mean number of eleetrons in bond k 



n* 

' tj*"i I* 


The fluctuation of the number of electrons in bond k is given by 

•j* 


Since the r^,j. difl'ers from 2 only when i or j* = k. this fluctuation decreases for this 
type of wave function, as may be seen from Table 2 but they are larger than for 
the ground state. 


Conclusioos 

We have considered the cla.s.sical jt cxcitonic wave function 

as a multiconfigurational zeroth order wave-function. This wave function has 
been perturbed under the influence of i) the other singly excited determinants 

^the j configurations coupled with the j configurations through dipole- 
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dipole interactionsj, ii) the doubly excited determinants, which introduce polari- 

7 ation effects on the excited state, iii) the triply excited determinants, which 
introduce bond and interbond correlation effects on the excited state. 

A correct deHnition of allows, through an algebraic derivation of the various 
2"^ order corrections, to calculate only the changes of polarization, delocalization 
and correlation energies in the excited state with respect to the ground state, 
despite the multiconrigurational form of the zeroth order wave-function for the 
excited state, we have been able therefore to get the “cancellation of common 
diagrams in excitation energies” well established when the zeroth order wave- 
function for the excited state is the single determinantal Virtual Orbital ap- 
proximation. Although a very large number of determinants are taken into 
account, the calculation of order corrected transition energies is very short, 
much shorter than when one perturbs a single configuration using delocalized 
MO's. For instance the calculation of 10 transition energies in C, 4 H,h requires 
6m 3 seconds on an IBM 360-75 computer. This speed is obtained through both 
the complete localization of the MO's reducing the number and calculation 
time of non zero molecular integrals, and a careful choice of the perturbation 
procedure. It appears therefore that the use of localized MO's is very useful not 
only for the ground state energy and ground state properties calculation, but also 
for the excited states and excitation properties, for which the canonical delo- 
calized MO's are often presented as necessary. 

This PCILO method for excited .states will be applied to .some conceptual 
and numerical problems. In further publications [17], it will be shown that the 
single determinantal description of the excited state overestimates the deloaili- 
/ation of the excitation with respect to the excitonic treatment. The method will 
be applied to some conformational problems involving the excited states. 


Appendix 

Detailed 2"'* order energy corrections on the excited state. 

This Appendix gives the various types of interactions which appear in the 2"“* 
order energy correction on the excitonic wave-function 

el«) 

We report successively the 2"^ order effects of the triply, doubly, singly, excited 
determinants and of the ground state determinant ^o- The following notations 
are used 

ap^, = {pp*,q*q*), a^ = (pp*,qq] are charge-dipole interaction matrix 
elements. 

= {pp*, qq*), is a dipole-dipole interaction matrix element 
"j is a typical energy denominator. 
ij, k and / belong to the subspace {x} of the n MO’s, 
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<r belong to the complementary subspace, 
p and q are any MO’s, belonging to {;r} or not. 

.s = 0 or 1 according to the singlet or triplet character of the excited state. 

In the typical 2"^ order energy correction [Eq. (3)] we shall distinguish the 
cases where 4>, and <Pj arc 1) both ionic. 2) ionic and neutral and 3) both neutral. 
In the following paragraph.^ we give in Table form the various non-zero inter- 
actions which occur under the CNDO-hypothcses when the MO’s are fully 
localized, and the corresponding energy corrections, in a form which makes the 
programmation straightforward. In the Tables the doubly bordered columns 
represent diagonal interactions. 


A ) hjlcfi (>1 the Triply Excited Determinants 
1 ) and both ionic 


\ 




(fl 


ir.i 

(fl 


-H— — 


II* />• </• 

'' /' <1 « 



Due to the CNDO-PC'ILO hyptithesis we only have diagonal terms: 




ly 


1 1 - K - Kj - (f 


11*11 





p* 

P P I 


P* 

P H I 


The <i’s lake into account the possible spin restrictions. 

2| 4>, ionic and <Pj neutral 

No triply excited determinant interact with <P, and <Pj in a such a case, due to 
the CNDO-PCILO hypothesis. 

3) 0, and 0j both neutral 
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h-ll'Cu-Cjj.Y:{2-d^-S,j){l-s)b,,h,j/Ar f f). 

< J P v .1 P / 


Combining the corrections la and 3a, and using the demonstration given in 
Part II, one might introduce explicitly the 2"^ order correlation effects on the 
ground state minus some specific terms. 


B) Effect of the Doubly Excited Determinants 
1) 01 and 0j both ionic 



+ X (2 - <5„. - + a^j, - a^f/A (j* 

n \ r 


I j k 




P*H-J 


(/* It* 
'■ P 


a* It* 

— lhk» + tti^j.- a^j) F^j,/A ^ 

//* k* 

3" a^jj, Ojf) Fj^tjA , 


[I* P* 


i J k Ipiti.* '' t 

+ F^iAFii. + a,f. - OiA/A 11 ^ j 

+ k»* + “ky* ~ ®ki)/^ ^ j 

ti=Er r r'c>c*,2(i-s)f.^F„./^(f H. 

i J k i \* ^ / 
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2] tl>i ionic, tpj neutral 


\ 

\ 

1 '* 1 ('*1 1 

l**'i 

\ 

.... „ \ 

1, I !, 1 1 

‘a I k^i.i 

1 

('''’) ('*'’*'1- 1 

[/* A', 

1 / / 

1 1 ! 
1 P t, ' / . 

k 1 


h- 


!'> < 


I 


I /* ' II* 






<)" II’ 


~ ^ ri’ ^ PI’’ { j j t I ■■ I I ‘*/y* ^||)/^| 

li* j*\ 

I'liAl’jj, ) III,. , I . 

2 i('* p t f, )/.i 

*■ *tiy* ~ ‘^lyl/ ^ I j ■ 


3) <Pi and <Pj both neutral 



/;♦ ij* 


“ = S ‘ a* Z S (; 

I P*H '* 

+ X - ( 1 - ^p.) ( ^Vp* + ‘'p-* “ 

p 

h=Y. Z'‘’.v‘>“*' -■s)(^'',.* + V“"ij><r(r + (!• '■ 

I j \' .1 


I* p* 


I P 

• i* 
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C) Effect of the Singly Excited Determinants which do Not Belong to S 
1) tp, and <Pj both ionic 



2) d>i ionic, <Pj neutral 






78 


J l.anglet and J. H. Mitirieu' 


« = I cfi. I FrJA ([^*) + Fl,.IA + 4(1 - .s) bJA , 

^ = Z Z’ J/* Z 1 - xt ■ 

r I It 

l)j EIJi-cl of the Ground Stale Determinant 

^ ~ Z Z Z Z ^'le^'iiff'irb^i^/AiO) . 

• I k I 

Oik- nuiy see fnim thesL* formiilHC that 

i) the diagonal corrections a should imply two summations over the n MO's 
and two summations over all MO’s (i.c. a time proportional to n^n^), but the 
introduction ol the ground state corrections reduce them to summations of the 
type ^ Z Z Z involving n;)/i elements. 

I I k p __ 

ii) The cross-terms (4>, ^ </*,) />, c, d only involve Z Z Z Z summations of the 

I J k p 

'yP*-' Z Z Z Z involving ir^n matrix elements. 

I i k p 

I he total computation time of a 2"** order corrected transition energy is 
therclore proptirlional to while the 2"^ order corrected ground-slate energy 
required ;i lime proportional to n^. One may distinguish two cases; 

i| The conjugitted system involved in the zeroth order description of the 
excitation is kept constant (n, constant), n increasing with the number of sub- 
stituiints. Then the computation time of the transition energy only increases 
like n. 

ii) T he dimension of the conjugated system increases like «(«„ = n/5 in 
conjugated hydrocarbons), and the computation time of the transition energy 
varies as n■‘,'(5)•’. 
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A new theory is presented on the excited stales of molecular crystals by using the random phase 
approximation (RPA). The method is applied to the analysis of the absorption spectrum of anthracene 
crystal. The Davydov splitting for the long axis polarized band is calculated as about 9200 cm ' ' 
while the observed value is 9000 ~ 12000 cm ‘ In the earlier theories, much larger values are reported 
and a simple dipole-dipole approximation gives the value of 32(KX)cm' '. The general feature of the 
crystalline spectra is well predicted. 

Ls wird cine neue Theorie der angeregten Zustande von Molekiilkristallcn vorgelcgt, die mit 
I {life des RPA-Verfahrens gewonnen wurdc. Die Methode wird zur Interpretation dcs Absorptions- 
spectrums von Anthracenkristallen verwendel. Die Davydow-Aufspaltung des polarisierten Bandes 
(langc Achse) wird mit 9200cm ' berechnet (der beobachtctc Wert betriigt 9<XX)^ 12000cm '). 
Nuch den iiltcrcn Theorien crhall man viel grdUere Werle. und cine einfache Dipol-Dipol-Approxi- 
mation licfcit 32(XX)cm' '. Das charaktcri.stische Bild des kristallinen Spektrums wird gut wiedcr- 
gegeben. 


1. IntFoducdon 

The theory of the random-phase (RPA) approximation widely used in nuclear 
and solid state physics has been applied to the study of electronic correlation in 
molecules [1-2]. The method uses the Bose second quantization for the electron- 
hole pair to describe the excited state and the excitation energy is given by 
diagonalizing the Hamiltonian matrix for these sets. It covers the effect of electron 
correlation than earlier theories and gives better results in the calculation of 
energy and oscillator strength of complex molecules. 

In the study of the molecular exciton states, Agranovitch [3-4] was the first 
who used the second quantized version of the electron-hole pair Hamiltonian. 
Although a formal theoretical treatment has been published, actual calculations 
by this method has not been appeared as yet. Philpott [5] derived a similar 
equation as Agranovitch [3] starting from a classical theory of light and in- 
vestigated the contribution of dipole-dipole interactions to the Davydov splitting 
of anthracene, tetracene, naphthalene and phenanthrene crystals. 

In our previous paper [6] an alternative new approach was presented to the 
analysis of the electronic absorption spectra of molecular crystal, in which the 
crystal exciton configuration is constructed from the one-electron excited con- 
figurations of the SCF molecular orbitals in the constituent molecules and the 
mixing between the different exciton configurations has been taken into account 
using the complete Hamiltonian of the crystal. In the present paper, we consider 
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the effect of electron correlation by using the RPA method and derive the equation 
which is non-Hermitian. The equation is applied to the calculation of excited 
states of anthracene molecule and crystal [7], 


2. Theory 

The Hamiltonian for a crystal containing N unit cells and <t identical molecules 
per unit cell may be written by 


/f' = 



f,’ 

2m 


paa } ^ uv 'tiv 


( 1 ) 


where the summation is taken over all n-electrons in the cr N molecules of the 
crystal and the prime in the third summation indicates that the terms for which 
/< - V IS omitted. ~ is attraction potential energy between the 

/<-th electron and the u-th core atom at the a-lh site of the p-th unit cell and cV^v 
is the electrostatic repulsion between n-electrons // and v. Then, the Hamiltonian 
of electron field in the second quantized form is: 




( 2 ) 


where [/’•(p) and i/’(p) are the creation and annihilation operators of the electron 
field which will be given by the one-electron molecular orbital as shown below, 
the argument denotes both of the space coordinates and the spin of the electron, 
and Jt is the volume element including spin. 

Let </jp„ be the i-th SC'F-MO of the pa-th molecule written as linear combina- 
tions of Lowdin’s orthogonalized atomic orbitals [8]: 


^ PM ^ ^ at ^ ^ 1 

a-- 1 

where n n m 

^>lllh— Z X Z 

» - 1 /I = I «= 1 

X^Hf, is the 2pjt atomic orbital on the atom h in the molecule q(i and (1-1-5) is 
the overlap matrix with elements: 

^ pvi.iiptf dpjQ qpfj -f j X X dv ^ . (4) 

Then, all the MO's in the crystal are orthonormalized to each other: 


i<Pp,i\VqPj) = j<P%i{fi) (Pqpjifi) dv^ . 


( 5 ) 
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rhese MO’S satisfy the Hartree-Fock equations as follows: 

{ fl^ occ 

I " "fm ^ ^ ~ •’m) + L - Kp.i,(/il)| ‘Pp.iUi) = Ei<Pp,iOtl • 16) 

Here, £; is the orbital energy and and K^(ti) are the Coulomb and the 

exchange operators defined by Roothaan [9]; 


and 


<PpaM dv, 

^$tV 


(7) 


Now, the field operator !/'(//) can be expanded as linear combinations of spin- 
orbitals </)pa,(/t) = </»p„(/t)ff(/t) were ri(n) is the spin function; 


V)(/<) = Y. «pa. ■ 


( 8 ) 


The operators and are the creation and annihilation operators of the 
electron which satisfy the following Fermi commutation relations: 


^psl ^< 10 J "i" ^qp] ^pat ~ ® 
Up.iUqPi + aqPja^i^^ 

^pai ^qPi "i" ^qfij ^pui ~ ^pai.qPi • 


(9) 


Substituting Hq. (8) into Eq. (2), the Hamiltonian becomes: 


^ = I 

pal 


+ IZ 

pii qPJ 


I YV(R,.^-r, 

pv a 


<l>qpj] ^Ui^qPi 


( 10 ) 


I I 

pai qPJ 


OL'C \ 

I (2^p,*(/i) - <f>q0jj U^iUqP! 


where 


pdri qfij syk tdi 

(<^pal I ^(^syq “ »’p) I <^«0j) = J dx^ 

(^pai^qpj\*t>syk*l>M) — JJ <^»yk('') d'^n dx. 


( 11 ) 


and 
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Denoting the ground and excited states of the Hamiltonian Jf by |0> and |£), 
the excitation operator and the Hermitian conjugate operator A(E) are 
defined as follows ; 


/1*(£M0> = |£> 
A(E)I0> = 0. 


( 12 ) 


Then, the operators A^(E) and A(£) satisfy the Bose commutation relation 
[l.q. (13)] and the equation of motion [Eq. (14)]. 

/Ol [A(E), A " (£')] |0) = <0| A(E) AUE') - A^E') A(E) |0) 

= <£!£'> (13) 

^f:.£ 

and 

'(£)]|0> = ,4£/!M£)|0> (14) 


where A E is the energy difference (£ - E„) between the excited state and ground 
state and is usually called as the elementary excitation energy. The Hamiltonian 
can be diagonalized by u.sing the operator A* (E) and A(E) as follows; 

.W =Eo+'^AEA'^{E)A{E). (15) 

E 

This may be easily proved by substituting F.q. (15) into Eq. (14). 

In molecular crystal.s. the cxciton states can be characterized by three indices 
/.fisk [6] and tlic operator ,4(£) is rewritten as A(E) = Afjk) where k is the 
wave vector. /< characterizes the exciton slate and f numbers the excited states 
of molecules in the crystal. Then, the cxciton state function ^f^{k) and the locally 
excited configuration can be expressed in terms of the operator representation : 

(16) 

It was shown in our previous paper [6] that the wave function 'Ef^ik) can be 
approximated by the linear combinations of the configuration 

V'^p(*) = (/Ve) ■ *'<:/> j(*)£.p(fc)fl'pr^ (17) 

ij pa 

Comparing Eqs. (16) and (17). the operator A}i,{k) can be given by the unitary 
transformation of creation operator for the electron-hole pair as follows: 


A),{k) = (No)- • X X e** C{!tj{k) B.p(fc) 

ij in 


(18) 


u P» 

However. Dunning and McKoy [2] has shown that the operators A^Jk) and 
A^^(k) are defined as linear combinations of the electron-hole creation and 
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annihilation operators and in order to take into account the 

effect of electron correlation. The ground state wave function to first order is 
represented by the expansion; 

10> = ColHF> +Y.1 a^j a,,»lHF> . (19) 

|MlJ.4l)kl 

Now, |HF> is the Hartree-Fock ground state. The subscripts i and k are used 
to denote the occupied molecular orbitals, and j and I are employed to label 
the vacant MO’s and m, n and h describe all MO's without differentiation. The 
second term implies a double excitation. Then, the single excited state is expressed 
as a linear combination of wave function obtained in two ways: (1) by exciting 
from the HF ground state or (2) by de-exciting from one of the doubly excited 
components. Then, the excitation operator is given by the f^ollowing 

equation; 

= 1 1 e" ■' (20) 

ij pa 

and its Hermitian conjugate A^^ik) becomes as follows: 

Af^(k) = I e”'* - i-'fpk.aij^iajOpai) • (21) 

iJ pa 

The pair operators are shown to satisfy the following commutation relations 
by using the Fermi commutation relations (9): 

~ C^pat^paJ' ~ 0 

“ ^pal.qfik^paj.qfil ~ ^ pai.q0k^qPI^ paj "" ^qfl.paJ^qfikOpal ( 22 ) 

C^fwy^/wi" ^qfik^qfill ~ ~ ^pal.qfik^paj.qfil “1“ ^pai.qfik^paj^qfil "i” ^ paj,q0l^ pai^qfk • 

If the Strict Bose commutation relation is used instead of the commutation 
relations (22), the transformation of Eqs. (20) and (21) becomes unitary and the 
coefficients are orthonormalized as follows; 

X {^/pk.paij^qfikl.fpkl~^fiik.qpkl^paljjiik} —^palj.qfikl 

(23) 

i^fpk.paij^palj.f'pk' ~ ^fiik.paij^palj./'p’k') ~^/pk,f’p‘k' 

pa ij 

where and ypaij.fpk = e‘'‘ "'’Va,j,f^. 

This approximation is strict if the excitation density of the system is small, 
i.e. if the expectation values of the number of the electron-hole pair for the states 
under consideration are much smaller than the total number of electrons in the 
system. Then, and can be expressed by the operators ^/^(fc) 

and A j-^(k) as 

Z iu*pk,,ije'‘^'^'’A;^(k) + v„j,f^e‘'‘-">Af^lk)} 


( 24 ) 
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and the Hamiltonian becomes as follows; 


/a* 


( 25 ) 


By using the Hamiltonian (lO) and the Fermi commutation relation (9), 
the commutator [Jf, becomes as follows; 

f ^ (^'j ~ ^*il 

^qfim^pai i^pai I ^ay 1 4^qfm) ‘^paj^qfm} 

qfim .^1*4/1 

"1" X X ^^^qPm^ayal^pai^paJ^ pajl ^ pai^syn)^ ^qfim^syH 

qfim ty/i 


* iilk, 

qfim I/ 


X ^^Ja/h ^jyk) 


^qPmj^pctj'^qPm 


<P 


qfim 






paj 




(26) 


- (/2 X X X MqPm<(>pal\<f>,»H<l>ayn) 

qfim i/H tfih 

-i<l>qpm<l>a,a\<f> tiih ^pai ^qfl m ^^lAh yn 

-- </2 X X X Mpa,‘f>,yq\<l>qpm4>m) 

qfim syn tAh 

~ ^^qllm*Payn I i*pai^l6h)} f^iai^qPm^^lMi^ayn 

occ 

where ^ ^ - ^1 + X ^-JpaiMt) - 

a h 

Neglecting the interactions of the hole-hole, electron-electron, multiple 
electron-hole and retaining the first term and part of the second and third terms, 
Fq. (26) reduces to a simple form: 


' ^paj^^pai'] X ('^ ~1~ E^ii,kd ^pat^pak 

kl 

X X ^^Paijtqfiki^qpl^qpk '^paiJfqPkl^qfik^qPl} ‘ 

kl qP 

The symbols Ar-tj ,,,. £),j /p.(j.,/,u and Jpa.j^qfki are defined as follows: 

^ij.kl~ X {'h,kiVpal\^qp\<Ppaj)~ ^t.J^Vpall^qfilVpak)] 

qP*pa 


(27) 


and 


^paij.qPU 2 ^siVqpt *PqPk I <PjMi tPpa j) ~ (v>qpl <Ppaj\Vpal Vqfk) 

Jpaij.qfikl — ^^s(<PqpkVqpl\*PpalfPpaj) ~(VqfikV>paj\VpaiVqPl) 


(28) 
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where singlet state and 5s = 0 for the triplet, 

(<(>peilU,pl(Pp,j) = J <P^,(m) V,f(n) (f>^j(n) dv^ 
and j 

(<PtPk(P1fl\<Pp•i<Ppa^) = I! (p*pM ~ (Pl,i(v) (p^j(v) dv^dv, . 

* 

Substituting Eq. (24) into Eq. (27), Eq. (27) can be expressed in terms of the oper- 
ators A}^(k) and Ay^(k): 

a^jOpail 



= X 1 (fc) 1 1 [G?M..y(k) «?...ini + H?u..u W 
/*>» \ “8 



+ e'* *' /I /„(k) XI Z ‘’/IW./M* + “/ikI./Mt] 1 

n p ' 

(29) 

where 

^tlj.pklik) = F-iju + Dy.u) + Z ^paij.^pkl^ 


and 


(30) 


4 


On the other hand, by using Eqs. (24) and (25) and the Bose commutation 
relation of the operators A;jk) and the commutator becomes as follows: 


[■^ , ttpij ttpjj] 




(31) 




By comparing Eqs. (29) and (31), the eigenvalue equation can be obtained and 
written in matrix notation as: 


UE=GU+HV 
-VE=GV + HU 


(32) 


where the amplitudes V and V are normalized to an indefinite mctrix as shown 

inEq. (23): ' 

V^V -v*v=\. I”) 

Comparing the above equations to the equations used in our previous theory 
[61 the earlier formula corresponds to the equation (/E-Gl/ by neglecting 
the vector V. The H matrix takes into account the effect of the doubly excit^ 
configuration and allows for the contribution of the rt electron correlation to the 

single excited state. ' 

The excitation energies arc the eigenvalues of a non-Hermitian matrix an 
can be obtained by transforming Eqs. (32) info a single equation : 

(V + V)E^ = (G-H){G + H)(V+V). (34) 
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Putting the vectors V and V in the following forms: 

V = \[{G- + {G- 

V = { [(G-Hy^wE-^'^-{G-Hy''^wE^'^}, 

the new vector satisfies the orthonormalization condition by Eq. (33) as 

H»' w = I . (36) 

Namely, w is unitary and I.q. (34) reduces to an equation for w: 

w£" -{G-M)''^(G + H)(C-//)‘'^w. (37) 

This is u usual eigenvalue equation for a Hermitian matrix. 

Defining the eigenvector x and eigenvalue X: 

(G - //)x = xA 

x^x = l (38) 

(G-H)" = xA"x^ . 

I.qs. (36) and (37) can be expressed by using the new vector y = x*v as follows: 

y£^ ---(;i^ + 2A''^x+f/xA''^)y 
, . (39) 

y*y= I 

and 

G+K = xA''^y£ 

(401 

U - y = xX-''^yE'‘y 

In order to reduce the above matrix elements to those of the integrals over the 
atomic orbitals, it has been shown [6] that the following approximations are 
valid; 

S S ^ai^aj^hk^hl ^ \^pia ~ ' (41) 

a b 

Then, the elements and can be approximated as follows: 

~ ^lij.ltkl — Kf {(-^ >:JM + + (<#»P«X Vpaj 1 Vp,i (Pp,l) ~ ( 9 p.l *PpaJ I Vpal •Ppodt)} 

{ 2 'Is (V>p.t Vp,! I (P„i Vp.i) - (<Ppdt I 
+ 2ds I e-** I 

i*p 

Using the above approximation, Eqs. (38). (39) and (40) are reduced to the simple 
equations: 

(f,j-e.-2^).X(j_^ 

+ Z {^iJ.kl + (*Pp<yk<Pp,j\Vp,i9„l)-[<Pp,l<Pp,j\(Pp^<Pp^)} Xu,t, = 0 
kl 

Ul - £/,(fc)^) + X = 0 

If? 

l^e«.n^ = 2<<i ^ Z Z 

U u 


(43) 
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and 

Q 

0 

The dipole moment operator is given in the second quantization formalism: 

^ ^ ^ ^ q fin, peon (45) 

pam qfq 

where 

^qfn.pam = J V>J'/1,(m) ''ptPp.miji) ^ • 

Again, retaining only the electron-hole interactions, this is reduced to 

'■=11 ^paj.paiia^japm + O^iOpaj) • ( 46 ) 

pa ij 

The dipole transition moment to the singlet state f fik is defined as: 

M^^, = (N^)-'/2<o|r|//ik> 

or, by using Eqs. (12) and taking into account the spin, 

= {2NJa)''^ E (“ + Aij.fpkdpai.paj 

alj 

where (5* = I for k = 0 and <5* = 0 for fc ^ 0. The vectors u and v may be expressed 
as products of two coelTicienls as is seen in Eq. (18): 

Uatj,fpk = (N(T)-'>^P.^J!j{k)B,,{k) 

and 

VaiUp>^=^(^^)~'’'Q{-M)Bap(k) (49) 

where P/J!j{k) and Q{!^j{k) can be determined by solving Eqs. (43) and (44) and 
B,^(k)’s is found by the symmetry operation of the factor group of the crystal. 
Then, the transition moments are defined as follows: 

Mfpk = -^ I mw + QfUjik)) ( I B^,{k) (50) 

^ iJ \ » / 

The oscillator strength / is given by: 

/ = 3 X 0.08753 £|^^(*) (51) 

where the excitation energy is given in eV and is in A. 

The similar equation of molecule has been given by Dunning and McKoy [2] 
and is reduced to the equations suitable for numerical calculations by the same 
procedure as above-mentioned: 

ki 

(Aj-£))y,./+I»',.,y,./ = 0 

ft 

K.1 = Z Z xlij{23s(<Pi<p,l<Pi<Pj)-((Pk<Pjl(p,(p,)} 

IJ u 


(47) 

(48) 


( 52 ) 
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and 

u 

/■ = 0.08753 


( 53 ) 


The correlation effect is shown by examing the excitation energy E and transition 
moment M of only single electron-hole pair operator aj a, . That is, Eq. (37) gives 
the following eigenvalue and moment: 

E = (A-r)'^ 


S.4- 


2A 


M-V2dj,. 



(54) 


where A O',, ,j is the excitation energy of the single configuration and F = ij 
is tlie correlation term. Equations (54) show that the correlation term gives an 
improvement on the excitation energies and oscillator strengths. The triplet state 
becomes instable when A< F. This problem may be solved by applying the higher 
random phase approximation [10], 


3. Results and UisjCiKsion.s 

'[’he electronic spectra and structure of anthracene crystal is a problem of 
wide interest. The present theory will be applied to its analysis. 

The SCF-MO's of the anthracene molecule were calculated by solving Fock's 
equation (6) with an approximation of the neglect of differential overlap [11-12]: 

(/d A'fc (/<) = 0 for a 

and of two center Coulomb integrals evaluated by Nishimoto-Mataga's method 
[13]. The excitation energies and oscillator strengths of anthracene molecule 
were obtained by employing F.q.s. (52) and (53) and considering thirteen electron- 
hole pairs. The results are shown in Table 1. Comparing the observed values 


lublc I. C'ompunson between (he ealeululcd and observed values of transition energies t£/ in eV) 
and oscillator strengths of the anthracene molecule 




The present method 

/ 

The usual Cl method 

f 

Observed values 

K, ~ ■ 

1 



0,2ilS 

3.812 

0.307 

.3..301 

O.ll 

II 

B,. 

4.K49 

2.(126 

5.050 

1805 

4.921 

1.56 

III 

B,. 

5.S26 

0.353 

5.968 

0.478 

5.603 

0.21 

IV 


6.0KK 

0.135 

6.235 

0.189 

6.52 

0.4 1 

V 

B,. 

7.162 

0444 

7.255 

0.787 
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l-'ig. I. Observed absorption spectra of anthracene crystal taken by Clark and I'hilpott with our 
assignment. I the crystalline spectra determined from reflection data [15]. 2 the calculated values 

by the present theory 


with calculated ones, the excited states are assigned to the B,^ and 

Bi„ states in the region of from 4000 A down to about 1700 A. The B,, state is 
polarized to the short molecular axis and the B 2 . state to the long axis. In Table 1, 
the calculated values obtained by the present theory are compared with those 
by the usual Cl method. The present theory gives better results in the calculation 
of excitation energies and oscillator strengths than the usual ASMO-SCF-CI 
method. Presumably, this improvement will be caused by the effect of electron 
correlation which will be efficient in decreasing the excitation energies and oscil- 
lator strengths of intense bands. 

Anthracene crystallizes in the monoclinic system with the space group 
L\-P2Ja and has two molecules per unit cell [7]. In this crystalline lattice, 
molecule 1 may be transformed into molecule 2 by reflection in the ac plane 


I'ablc 2. Character table for the group and the selection rule of the cxciton states 



E 

C 2 

i 

a 

Transition moment* 



1 

1 

1 

1 

+(/5 


A. 

1 

1 

-1 

- 1 


b 

». 

1 

-1 

1 

-1 

<f\-4 


B, 

1 

-1 

-1 

1 

d1 + di 

A. C 


* The lower subscript numbers the site in an unit cell and the upper subscripts S and A mean the 
symmetric (A, and B, J and antisymmetric (B,. and BjJ electron-hole pairs with respect to inversion 
of the anthracene molecule. 
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'I able .V Comparison between the calculated and observed values of transition energies (Ej in eV) 
and oscillator strengths of the anthracene crystal 




The present theory 




Observed values [15] 



.4, .sl«lo 

/■'■ 

ff, .stale 
br 

/“ 

r 

4„ state 

fr" 

r" ' 

S, state 

£/ 

I 


M>27 

0.50X 

T.s.tt 

0.152 

0.010 

3.1.37 

0.248 

3.161 

II 


4.512 

0.123 

5.f>56 

1.305 

3.442 

4.623 

0.16 

5.7761 

III 

B,. 

5 SOI 

0 741 

5.810 

0.146 

2.167 

5.566 

0.6 


IV 


ftoriv 

042X 

A.04.3 

0.175 

0.229 

5.975 

0.06 

6.52 J 

V 

B,. 

7 Ifi6 

1 (WO 

7.077 

0.057 

0066 

6.508 

0.8 



followcti by a glide at \a. The coefllcicnts are determined from the 

character table of the group Cj* of the wave vector k = 0 as displayed in Table 2. 
It shows that the crystal fleld mixing arises only between and and 

of the anthracene molecule and the allowed exciton states are (polarized parallel 
to h axis) and (polarized perpendicular to h axis) states. Table 3 gives the ex- 
citon state energies and oscillator strengths when the interactions for the inner 
zone were calculated to 50 A. The absorption spectra of the anthracene crystal 
are reported by many workers [14,15]. The crystalline spectra determined from 
reflectivity data by C lark and Philpott [15] are shown in the figure together 
with our assignment. 

The calculated Davydov splitting (Eg^ — E^J of the band I is -780 cm'' 
while the observed value is 360 cm '. This result will be improved when the long 
range terms arc included as is shown in our previous paper [6]. The intensity 
ratio (flf- 3.5) is in good agreement with the observed values (3.3) [15]. The 
Davydov splitting of the long axis polarized band II is a matter of controversial 
discussion, and the spectra [15] shown in the figure gives a value of 9300cm"'. 
The earlier transmission measurement by Lyoas and Morris [14] gives a value of 
10000 cm ' for this splitting. Although a correct order of magnitude for this 
splitting was obtained in the earlier theories, but the agreement with the observed 
value was not so sufficient. Our calculated value in the present theory is 9200 cm" ' . 
The coincidence between the experiment and calculated value is quite satisfactory 
and it may be due to the correlation effect of tr-electrons in high density solid 
state. Oscillator strengths are evaluated to be about 0.123 for the A, state and 
1.305 for the B, state. 

The bands III, IV and V at the higher energy region are originally derived 
from the molecular B,^ states polarized to the short axis. These bands are at 
5.80, 6.07 and 7.12 cV for the A, states and the oscillator strengths are 0.74, 0.43 
and 1.09, respectively. The b-axis polarized spectrum has a peak at 5.57 eV, 
a weak shoulder at 5.98 eV and an intense peak at 6.51 eV and these are satis- 
factorily correlated with the calculated values. For the B, exciton states, the 
corresponding levels are calculated at 5.81, 6.04 and 7.08 eV with / values of 
0. 146, 0. 1 76 and 0.006. The shoulder at the vicinity of 6.5 eV may be assigned to the 
overlapped band of lower two transitions and the last band may not be observed 
because of its weak intensity. 
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The theory of co-ordinates r^. with rj = max(r,. rj) and r„ = min(r,, r,) is developed to yield 
formal solutions for Schroedinger equations of helium theisretical chemistry The correction for 
nuclear motion is included. Four most significant sets of terms in the ground state for the radial equation 
give a good approximation for the radial limit independently of the variation theorem. Thirteen most 
significant terms from the four sets arc the basis for accurate variation calculations. A new radial 
limit is obtained. 

hs wird einc Theorie fiir die Koordinaten r, und (r> = maxlr,. r^). r„ = min(r,. rj)) entwickelt. 
urn formate 1 .nsungen dcr Schrddingergleichung von heliumartigen Systemen zu crhalten. Die Kern- 
bewegung wird duruh cine Korrektur beriicksichtigt. Vier schr wichlige Termgruppen des Cirund- 
/tistundes ergeben im 1‘alle dcr Radialgleichung einc gutc Niiheriing fiir das (irenzvcrhaltcn, und 
/war uniihhiingig vom Variationstlicorem. Drci/chn schr wichtige Termc aus den crwiihnlen vier 
Termgruppen Widen die (irundlagc fiir exakte Variation-srechnungen. 


1 . Introduction 

We develop the theory of co-ordinates r„. with = max(r,, r 2 ) and = min 
(r,,r 2 ). This is done to yield formal solutions for Schroedinger equations of 
helium theoretical chemistry. 

An atomic model is introduced in Section 2. This treats electron correlation 
and by inspection has advantages over more conventional treatments. The work 
described in this paper is the simplest application of the model. The model is 
fundamental enough to produce series solutions for radial and angular correlation. 

The difficulties of using co-ordinates r„. r^. have been mentioned in the literature 
[1-3]. The behaviour of functions in r„. r^, to operators fl/rr,, (i= 1,2), 

operating in singular space defined by r = r, =r 2 , is of special interest. This is 
because of the possible discontinuity in the first derivatives of such functions. 
In the general case the first and second derivatives of f(i„, r^) are undefined in 
singular space. Because the Hamiltonian operator contains EP^/Prf, (i= 1,2), 
the basis for treatment of such functions becomes important. 

In Section 4 we derive expansions in r,, r 2 , for functions /{r„, r^). We compare 
the operand behaviour of functions /(r„. r^) and their expansions in r^,r 2 . It is 
demonstrated that the discontinuities in the first derivatives of /(r„, r^) exist in 
the first derivatives of the expansions. The second derivatives of /(r„, r^) in singular 
space are infinite and undefinable. It is shown that the second derivatives of the 
corresponding expansions gives a divergent series for singular space. Therefore 
is not analytically equivalent to its expansion in r^,r 2 . f{r^,r,,) 
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is undefined in singular space and is to be correlated with a divergent expansion 
in 

The idea of variation calculations for the radial limit is considered in Sec- 
tions 5. 6. Simulation functions y'o f{r„. r^) are defined where i/’o i® the Kellner 
function from (7), These functions are outside the Domain of H. Nevertheless 
they can be used successfully in variation calculations. This is because functions 
>/'ii /('"u- 'ft) ean be expanded in r,. rj. Every term in the expansion is in the Domain 
of //. Despite the analytical differences between r*) and the expansions, 

the former can be used for the latter in the calculation of matrix elements provided 
delta functions are used. More genera! simulation functions are derived. 

A further boundary condition is developed in Section 7. This is that the 
discontinuities in the first derivatives of all terms y\)C\ ^rllr% in a function should 
cancel. The constants may be adjusted for this condition. These functions 
arc no longer simulation functions. They come into the Domain of H. 

The coefficients , can be sorted into sets according to the value of p- q. 
The four most significant sets correspond to values 0, 1, 2, 3. A recursion formula is 
developed in Secti<m X for these four most significant sets of coefficients in the 
series solution of the ground state for the radial Schroedinger equation. The 
estimate of the eigenvalue obtained from these coefficients is - 2.8788 H. This 
result is accurate to 9 parts in 10’ and is independent of the variation theorem. 

The series from the recursion formula and boundary conditions fails to 
continue to the fifth most significant set of coefficients while remaining in the 
[domain of II The unique way out of this difficulty is to make the series more 
general with a typical term •’bY’.i ^ 0. = 0 when p-q< 4j. 

In Section 9 Kiito's cusp theorems arc discussed. The cusp relation at the 
nucleus is shown to follow from the recursion formulae in Section 8. Some dif- 
ficulty arises when II is defined in r,. r,.cos (1, and 0.5 v’o''i 2 ** regarded as part 
of the .solution to helium when r, , = 0. rjj is better replaced by its expansion in 
f„, /'((cos 0). 

In Section 10 terms arc obtained for the ground state of the SP and Complete 
Schroedinger equations. The latter shows the correct cusp behaviour when r,; 
tends to zero. From a consideration of the need for logarithmic terms similar 
to that in Section S an analytical form is produced for angular as well as radial 
correlation. Recursion formulae are produced for the formal solutions to the 
SP. SPD and Complete Schroedinger equations defined in Section 3. Coefficients 
from the Complete equation are corrected for the motion of the nucleus in Sec- 
tion 12. The correction though a small one does enable the series solution for 
the helium three body problem. 

Successful and economic variation results are described in Section 11. The 
thirteen most significant terms of the solution to the radial Schroedinger equation 
are implemented variationally. This calculation produces a new radial limit of 
- 2.879.028.59 H. 


2. An Atomic Model 

Instead of a conventional model wave function: 

V'S*'{1 rj...cosO,2,cos0,3...)} 


(I) 
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we propose: 

Vo'Ml +/(f..»-fc,r,...cos«„t.cos0„...)} (2) 

with r, ^ ^ . . . and the angle between r, and r j. Vo'* is a variational form of 

the determinantal solution from the appropriate zero order problem. This problem 
is that of non-interacting electrons moving in a central field. A single variation 
constant is envisaged which is the single exponential constant. / and g are func- 
tions not usually symmetrical to the interchange of subscripts, a is the corre- 
sponding symmetrising operator. / is a more flexible form than ag. If a particular 
case of / is symmetrical to the interchange of subscripts it is identical to a particular 
case ag. More generally the symmetrising operator must not be included in (2). 
This is because any / is intrinsically symmetrical in r,, Tj. / has the advantage 
of yielding functions which are shown to require an infinite series of functions ag. 

Electron zoning has been introduced in (2) precisely and compactly by using 
co-ordinates which are useful for the expression of the interelectron potential 
operator. Our present concern is with the small set of co-ordinates r^r^.0^^. 
These are co-ordinates for the helium problem. 


3. Basic Definitions and Results in the Helium Problem 

The Hamiltonian operator in the zero order helium problem is; 

= - 1/2. Ff - 1/2- Pi - 2/r, - l/r^ (3) 

if operands to //“ are expressed in the form ZC, (radial part),-P/ (cosO) with 
in (1), (2) then Pf is conveniently replaced by: 

d^/Prf + 2/r, • -10+ I )/rf (4) 

H' the interelectron potential operator is usually taken as first order to H”. 
This is here defined as: 

O.iXt 

//' = j] r'^r'/‘ P,(cosO); r„ = min(r,. rj); rfc = max(r,, r^); (5) 

/ 

The series in (5) has the following properties: 

i) absolute convergence for all parts of space > r„. 

ii) uniform convergence for any closed part of space with r^ > r„. 

iii) convergence for any part of space with r^ = r,, |cosO| < 1. 

We are to use the series in (5) to form the Hamiltonian operator H = H° + H'. 
The resulting Schroedinger equation is to be solved formally. Intermediate 
Schroedinger equations are defined for formal solution. These are the S, SP, 
SPD..., Schroedinger equations as H' in H is expanded to the first, second, 
third..., term. The Schroedinger equation for the complete expansion of H' is 
called the Complete Schroedinger equation. 

H' fails to converge when — — cosO= — 1. The series oscillates between 

0 and 1 /r instead of giving l/(2r). If this difficulty prevents the numerical processing 
for any series solution for helium, (5) could be replaced by (5a). 

H' = Z ' P.icosd) -t- 1/2 t;" , (cosfl) (5a) 

' n-^cc 
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As n increases from zero to infinity H' is aiways l/(2r) when r, = rj, cosd= - 1. 
It will be shown in Section 10 that one important series of terms in the helium 
eigenfunction is given correctly when (5) is used. This is true when r^ = r^. 
cosfi = - I. It seems probable therefore that (5a) will never need to be substituted 
for (5). 

As the electrons approach the same point H' tends to infinity. When the 
electrons occupy the same point the series for H' diverges. This divergence may 
he a.ssociatcd with the natural infinity of l/r^ 2 ■ If V* is a series solution such that 
[U" + H')'^ -= EV , then the result of (//"+//')'/' leads to a cancellation of the 
terms of H' V*. This is true when the separation of the electrons is infinitesmal. 
When the separation is zero H' V becomes undefined but (//® + //') *F may be 
defined by a continuity argument. 

No practical difficulty appears to arise from the use of H' if can be deduced. 

The solutions to the zero order problem defined in (3) form an incomplete 
.set of square intcgrable orthonormal functions, the plh element of which is i/’p- 
The inclusion of the functions from the continuum makes the set complete. The 
configuration interaction method for helium u.ses trial wave functions: 

( 6 ) 

I'or the singlet ground state of helium the space spin Kellner variation form 
is used for i/’J*'' with the space part given in (7). 

i/>o^exp{-C(r, fr,)} (7) 

ikeause of the inlerelectron energy the average potential energy for helium is 
less negative than in the zero order problem. It follows from the virial theorem 
that the average kinetic energy of the former is less positive. If we regard C as a 
variation constant in the context of (7). (I) or (2). the average kinetie energy is 
reduced by reducing C from 2. Further it is often convenient to give C the value of 
minus the sequarc remt of the eigenvalue. Under this condition the functions 
in (7). (1). and (2) have the proper operand behaviour to H{ - H'* + H') when both 
electrons arc at infinity, v’o is an eigenfunction of M” only if = 2. 

A set of square inlegrablc functions with the ith element y), is said to be in 
the Domain of H if all H y, arc square integrable and the relationship between 
matrix elements in (8) is satisfied. 

\y\IIyjdT = ^yjHyidr ( 8 ) 

i/’i and Hi/’i are well formed in Hilbert space. The Ritz variation principle may 
be applied to functions in the Domain of H. It follows that: 

J V’i j W ‘-i V’. j ‘ft/j c, v>ij ^ dr ^Eo (9) 

where £q is the ground state eigenvalue of the system defined in H. The constants c, 
can be varied to produce a minimum value for the lefi hand side of (9). If the 
functions v', form a complete set then the leA hand side of (9) tends to £„ if the 
constants c, are optimised and n tends to infinity. 

It is noteworthy that y„ is in the Domain of H but Htpo not. It is not un- 
expected therefore that H{H yff)dr is indeterminately large and negative. 
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4. The Operand Behaviour of /(r^ r^) 

Let us consider the simple cases of /i = r^, = 1 /r^; 






(10) 


We see that the first derivatives of /,. are discontinuous when r, = r^. Further 
differentiation at the discontinuity is undefined. Because first and second deriva- 
tives of and l/rj, are not analytic in the space ri = r 2 we call this space singular 
space. 

Three results are stated and then demonstrated. 

i) Any continuous function fj(r„ rj in (2) may in general be expanded as an 
infinite series of terms. These terms are symmetrical in r,. r^. Further the first and 
second derivates of these terms with respect to rj.rj, are analytic. So we write: 


//(''a' — X ''i) (11a) 

k 

ii) The equality: 

r*) = (11b) 

k 

with i = 1 or 2. holds for all functions /] and Xkj froi^ (Ha), This is so for all of 
space including what is singular space when r, = rj. If the left hand side of (1 lb) 
is discontinuous when r, = rj then also is the right hand side. 

(iii) The inequality; 


f’W •/}(»•«. '•fci # 1 c\jXk.Mi> '• 2 ) (lie) 

k 

holds where the left hand and right hand sides of ( 1 1 b) are discontinuous. At any 
discontinuity from (11b). the right hand of (11c) diverges while the left hand 
side of ( 1 1 c) cannot be formed. 

The results in (11) are demonstrated by comparing two expansions for l/r, 2 . 
(.^) and (12). 


with 


l/r ,2 = (l -f- 1 / 2 -^ cosfl-)- 1/2-3/4-^^ cos^0...)(rf 
= 2r,r2/(rf +ri) 


( 12 ) 


Our interest is to rewrite (12) in Legendre harmonics. To do this we expand 
cos"fl in Legendre harmonics. By comparing the I th harmonic parts of (5) and the 
re-expansion of (1 2), we obtain a series for rj,/r{,^ ' in r,, r 2 , For / = 0 we have (13). 

l,/rfc = (l + l/2-3/4-l/3-^^ + l/2-3/4-5/6-7/8-l/5-i?''-l---)(rf + ri)-''^ (13) 


Fortunately the series in (13) converges absolutely for all ij; <J^1. Thus the 
result in (11a) is proved for the particular case: /(r^r^)= \jr^. 

We compare the operand behaviour of the two sides of (13) to 5/rV, with 
' = 1 or 2. We obtain (14) from the right hand side of (1 3) by operating with r/flr, . 

- { 1 -I- 1/2-3/4- + l/2-3/4-5/6-7/8-l/5 (J* + •••} r,(rf + rj)' (14) 

-b 2{ 1/2. 3/4- 2/3- -b 1/2- 3/4- 5/6 • 7/8 •4/5- -b • ■ ■} r^{r, - r,) (r, + r 2 ) 

■(r? + r|)-*'^ 
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The series factor of the second term in (14) tends to infinity as ^ approaches 1. 
The binomial expansion of 1/2 (1 — — 1/2 (1 +^) tends to infinity in 

the same way. In the limit the series factor can be replaced by 1/2(1 
I,ct us consider an interval Jr = r^ — r, which is very small so that and r, are 
considered to approach r. In the limit (14) converges to (15). 

-l/2-l/r^+ l/2-l/r^-dr/Mr| (15) 

(15) shows just the discontinuous behaviour shown by r/'^''i(l/ft) in dO)- Thus 
the result in (lib) is Justified for the particular case; /(/■„. rfc)= l/r^. 

We may refieat the analysis for />() in any li/rj,*' from before (13). More 
generally series may be obtained for /(r„, rj. This justifies the results in (11a) 
and (lib), lor example the scries for may be obtained by multiplying the 
right hand side of (1.3) by I'lr; and that for r^, may be obtained by using: 

The second derivative of (13) with respect to r, is the first derivative of (14). 
I'hc factor (r^ r,) in the second term of (14) prevents the series from diverging 

when r, ~ r^. I he differentiation of the factor (rj-r,) will cause the second 
derivative of ( 1 3) to diverge when r, = r^. This divergence in general is to be 
correlated with the undefined first derivative of a discontinuity. The result in 
(tic) is justified. 


5. Variation C'ak'ulation.s, Dirac Delta Functions, The Finite Contribution 
to Matrix Elements from Singular Space of Zero Volume and Simulation 

We consider the terms of the .scries in ( 1 5) as a basis for variation calculations. 

V’o Z X X <"r.».<C'''fc /"((COSf)) ( 16 ) 

(I It I 

I'hc liylleraas expansion can be rc-expanded in terms which are a subset of those 
in (16). The functions in the Hylleraas expansion have been shown to be complete 
[4]. Therefore the functions in (16) are complete. So are the functions in (17). 

O. f - f .p 

V’« X X O'!) 

p 1 

Our interest is firstly to implement (17) variationally to estimate the radial limit 
and secondly to find the series solution for the S-equalion defined after (5). There 
are two difficulties however. 

i) Because of ( 1 1 c) and the second derivative in (4) the functions 
not the .same operators to // as their expansions in (18). 

Voii/rt = V’o X Q.vZt.jffo fj) ■ (18) 

A 

The calculation of the left hand side of (19) presents difllcultics. 

IX<^*.A .r lVoXk.iHVo7.k .j ■ 

k k' 


( 19 ) 
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The evaluation of the right hand side of (19) presents no such difliculties. 
ii) We shall see that functions “re not in the Domain of H. 

However if we find some way of evaluating matrix elements such that the 
matrix relationships in (20) and (21) are satisfied we conclude that functions 
functions evaluation of matrix 

elements provided that the functions ipo Xkj are in the Domain of H. 

jjp(,HiporS/ridz = jipoii/iiHifio‘i'^- ( 20 ) 

1 VorS/'l-WVoi’/'l’ ■ (21) 

If all relevent cases of (20) and (21) hold and all corresponding functions VoZkj 
are in the Domain of H it follows from after (9) that the Ritz variation method 
can be used with (17). 

Dirac ^-functions [5] are used for the evaluation of the unexpanded matrix 
elements in (20). (21). From (3), (4) we consider 

I /2 • (r;//1). 1/2 • v>o (r?/'1!) 

for a fixed value of Tj. The first derivative term shows the discontinuity in (22) 
when r, = Tj. 

A, = -\/2 (p + q)rl-' ( 22 ) 

Therefore over (his singular space of zero volume the second derivative is infinite. 
The integration of the second derivative term over singular space can be redis- 
iribuled over r, space. The result is given in (23). 

J V’o'^7'1>f^i<5(r, -r2)dr, =[v)ol,=r/S “ (23) 

u 

Mr, — r^) is a (’i-funclion. It has the value zero for all values of r, except where 
r, =rj. (i(r, — Tj) then becomes indeterminately large. We integrate the right 
hand side of (23) for all values of Tj. The contribution to the left hand side of 
(21) from the total singular space is: 

(p + </)KvS]r,=,,rr'’ "^'dr,. (24) 

0 

With the aid of ^-functions we can evaluate the integrals in (20), (21 ). However 
there is no way of evaluating (25). From this follows (ii) after (19). 

J [W ‘(t (25) 


6. Acceptable Terms v^rf^trl for the Ritz Variatioa Method and 
Successful Simulation 

From Section 5 we require the ranges for integers p and q for which the matrix 
relations in (20), (21) hold and all corresponding functions 1)*^ 

Domain of H. The contributions to matrix elements from singular space are 
calculated according to Section 5. We now state the result for a basis set from (17) 
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to form a vaJid wave function. The sulTicient conditions for all p and q are: 

q-p^O; p^O: (26) 

Cjivcn (26) we draw conclusions. 

(i) With “simulation” defined before (20), the series in (17) successfully “simu- 
lates" its expansion according to (18) for the evaluation of matrix elements. This 
expansion is the proper wave function. The terms of ( 17) are simulation functions. 

(ii) The treatment of singularities in Section 5 is succes.sful and effectively 
treats the divergence from the right hand side of (1 1 c). 

We now sketch the derivation of (26). From (1.^) it follows that infinitely many 
functions i/’o/d , for any value / in (11 a) arc of the form + 

f or these functions to be in the Domain of H it is necessary and sufficient for 
m n iO. It follows that: 

p-q^O. (27) 

A generalisation of (27) is that i/’(, / (r„. r^,) must not tend to infinity near r, =r2=0. 
I he second consideration is the effect of the indices p,q,p'.q', on the matrix 
relations (20), (21). We need only consider the Laplacian parts of H in (28). 

- 1/2 • I ■ V’o(Ff + 11) yuM dz ■ (28) 


All contributions to (28) are first considered excluding those from singular space 
examined in Section 5, From (7). (.1) and (4) with /-(). we represent (28) as: 


jexp(- 2 Cr 2 )rS'''''^/r 2 jexp(-Cr,)/r(' ' ■r^/rrf{cxp(-(r,)//^ 


0 

ri 


(29) 


I exp( -2Cr,)/fV‘' ‘dr, | cxpl-Cr^lr^ ‘ oV'TJicxpl - Crjlrf 
0 0 

The integration of (29) by parts gives: 


- f cxp( 
0 


2:r,)rr'' ’^dr,[/,exp(-Cr,)/rl' 


•oAT,{cxp(-Cr,)/ii '}] 


+ j exp(-2Crj)rr »■ 
0 
t 

- I exp(-2;r,)/r^"' 
0 


-dr, f /’/»>! {exp( -Cr,)/r^ {exp(-Cri)/ri Mdr, 

r T 

’ dr,[(;exp(-Cr,)rS * ' •f7('r2{exp(-Cr2)r5"}] (30) 


+ j cxp(- 2Cr,)r^*‘‘ ^ dr, | <7f>2{cxp( - Crjlrf ^ ' } (^rr^lexpf- Cr 2 )r 5 ^ ‘ } drj . 

o 0 

We consider the single integral terms in (30) which arc unsymmetrical in index 
pairs pp' and qq'. If and only if p + p'^0, these unsymmetrical terms can be 
combined together to give: 


XI 


-(p + q) J exp(-4;r,)r?*'’ " '-"^dr, , 

0 

(31) 

p + p'^0 

(32) 
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We add the remaining contribution to (28) which is (24). This if (32) holds, the 
result from (28) is symmetrical in pp' and qq'. In the evaluation of all matrix 
elements for a variation calculation using (17), the same values occur for p as 
for p'. p and p' must have the same minimum value. Therefore p ^ 0. (26) is derived. 
From (26) it follows that the integrands in (30) tend to zero near r, =r 2 = 0. 
Because of (26) all terms in (17) are simulation functions. These make a complete 
set. 

It is of interest to compare the expansions of Vo’^Jr,, and according 

to (18). From (26) iporjr^ is a simulation function and must yield terms all in the 
Domain of H. is not a simulation function and must yield at least one 

term not in the Domain of H. The condition that the matrix relation in (8) is 
satisfied with y'j = y, is: 

= = H'Jk = 0 ( 33 ) 

with k= \,2. 

Squaring the series in (13) and multiplying each term by Vorir^ we obtain 
the expansion of H'orjr,,. All terms satisfy y', in (33). Now considering y'or^yr^ 
we have (34). 

= V’o'‘i />2 + V’o'' 2 /''i - (the terms for v’(,r>t) . (34) 

According to (33) the first two terms on the right hand side of (34) are not in the 
Domain of //. 

Finally we consider just what functions v’(r„. r^) are valid simulation functions. 
By argument.s similar to those used for the condition for p in (26) we obtain an 
analogue to (33) for functions yH^a, r^) which are continuous and square integrable. 
This analogue is (35). 

r^) rar’A>a{y'orJ|,,.„ = 0 , (35a) 

'’b) r^<yf\{y'orb}\r „- ^. = 0 ■ (35b) 

The similarity between (33) and (35) means that simulation functions can be 
generated by taking any unsymmetrical function in r,, r 2 , which is in the Domain 
of H and substituting for r,, r 2 or Tj. r,. 

A second sort of simulation function can be formed from (35). This is of the 
general type /(r,, rj)exp(-Crj). The simplest example is expf-Crj,). We note 
that exp(-CrJ is not acceptable according to (35). This function is not even 
square integrable. 


7. Two Difliereot Types of Model Wave Functions 

The first derivatives of the terms in (17) have discontinuities in singular space. 
These discontinuities have been characterised in Section 4, 5. It is critical to 
distinguish two types of functions (17) for which the conditions in (26) hold. 
This is done accor^ng to the sum of the discontinuities. The two different types 
of functions are referred to as functions of the First Type and functions of the 
Second Type. 
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(i) We define a function of the First Type. For such a function the discon- 
tinuities from the operation of Of’r,- U2). on all terms sum to zero in all 
.singular space. 

(ii) For a function of the Second Type the discontinuities do not sum to zero 
in all singular space. 

Bccau.se of (26) we write ( 1 7) in the form: 

O.j o. / 

V'o I Z " (36) 

n m 

I hc condition for (.16) to represent a general form of the First Type is (37) for 
all the values of n in (16). 

Z(2m-«K„,„ „=.() (37) 

m 

There are three results for functions of the First Type which do not extend 
to I'unclions of the Second Type. 


(I) i/'„ /•/,) ■- V’o C-V (■* ,/* ;(/■,. rj); c.f. (1 Ic) 


(38) 


The result in (.18) holds even for singular space. The first derivatives of /(r„. r*) 
are no longer discontinuous. If both sides of (18) arc undefined because of dis- 
continuities they contain what is the same discontinuity. This (x;curs in a similar 
way to the result in (15). 

(ii) V’o /(fu' '"s) i*^ ii Domain of H Jc.f. (25)). Matrix elements are 

evaluated without the use of ("i-functions. From the definition of simulation 
functions after (26). w, / (r„. >■,,) is no longer merely a simulation function. In general 
It may be assumed to be analytically equivalent to V’o Z '" 2 ) the 

k 

evaluation of matrix elements. 

(iii) V’o Z ' / ('■.!• '■j.)- (' = is analytically defined for a function of 

I 

the First Type. This is because any undefined part is proportional to Arl\Ar\ 
- .1r/|.lr|-0;c.f. (15). 

It follows from the discussion in this section that any formal solution to a 
Schroedinger equation will be a function of the First Type. This is because the 
eigenfunctions of H are in the Domain of H. Similarly any complete model 
wave function of the Second Type will tend towards a function of the First Type. 


8. The Series Solution for the Ground State of the Radial Helium 
Schroedinger Equation 

We consider the radial helium Schroedinger equation and derive early sets 
of terms in the scries solution for the ground state. These are processed to give 
an estimate of the eigenvalue. This estimate for what is the radial limit is inde- 
pendent of the variation theorem. From (1). (4) and after (5) the equation is: 

(W’-t-l/rfc- £0)^ = 0 


(39) 
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We obtain a recursion formula. From this and boundary conditions we produce 
the four most significant sets of terms in the series solution. This approach fails 
to produce later sets of terms. From this failure we are able to deduce the general 
form of the formal solution. This includes logarithmic terms. 

The recursion formula used for the partial solution of (39) is simple. To obtain 
it we take Vq from the complete expansion in (17). The corresponding recursion 
formula is : 

p(p + l)Cp,, + (^-2)(^-3)Cp 

= - 2{1 + :(q - 2)! C, .2.,- , + 2{rC - 2} (40) 

-2(C^ + £o)C,_,., 

Suppose p — q = n. For smaller values ot p — q all have been determined. 
We are to use (40) to determine all C,., with the same value of n. When p-n + 2, 
n + 3, then Cp , is obtained in terms of already determined coefficients with 
p-q = n— I and n — 2. When p > » + 3 then a non zero already determined term 
((/- 2)(t/ — 3) Cp .2 j, 2 ' with p — q = 11 . contributes to the left hand side of (40). 
From (26) we have the result: 

Cp, = 0 for p<0 or q>p (41) 

When p = 0 both sides of (40) are zero. When p < m 4- 2 and odd Cp ^ can be deter- 
mined in a similar way to terms p^n-h2. For poi-f 2 and even there results 
a set of m consistent simultaneous equations, m is given in (42): 

m = integer part {(n + l)/2} (42) 

The simultaneous equations have m + 1 coefficients Cp,, with p — q = n. to be 
determined. Therefore an extra equation is needed. This derives from Section 7. 
The series solution must be a function of the First Type in the Domain of H. 
So from (37) we obtain: 

0,m 0.m 

X; (4p-«)C2p,2p-p= - X (4p+2-n)C2p+,,2pM ,, 

" " (43) 

- X (2p-n)Cp.p-„; n#0 

p 

From (40) the evaluation of £„ is necessary for the solution of Vq in (39). 
The consideration is of an approximation to (Pq made from a series of most 
significant sets of terms. Each set corresponds to a particular value of n. An 
approximation to the eigenvalue is EJ,. The corresponding approximate eigen- 
function is IPq- obtained by successive approximations in (44). 

E'o = J r„{H° + l/r») V’o rfr/J f"o Vo dx (44) 

We indicate the determination of the four most significant sets of coefficients 
in (40) and (43). These correspond to n = 0. 1, 2, 3. 

Cp p = 0 for p > 0. Co o undetermined in (43) and is arbitrarily given the 
value unity: Co,o= 1. 

From all Cp_p_ , we obtain just three non-zero coefficients: 

C2., = 1/6,C,.o = C-2.C„,_,=C-1.5 


(45) 
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From all Cp_p_2 we obtain an inHnite set of non-zero coefndents. We obtain: 
Cp,,-2=0 for pg 5 , p = odd, otherwise Cp,p-2#0 for pSO. Cpp.j^O for all 
values of p g 0 . 

Values for £„ in (44) will depend on the selected value for C in (7) and (40). 
Wc take C = (-£o)‘'^- The result is an approximate eigenvalue of - 2.8788 H. 
This result shows an error of 9 parts in 10*. This value can be obtained with as 
few as 29 term.s from (36) in (44). All matrix elements in (44) are simple off-diagonal 
matrix elements. The Ritz variation method requires diagonal matrix elements. 
The variational method favours the eigenvalue for a comparable eigenfunction. 
Nevertheless the 29 term.s in (44) yield a comparable eigenvalue to a 15-term 
Rit/. variation calculation [6]. The latter employs terms from a complete set of 
square integrablc functions closely related to the functions in (6). The series 
calculation is shorter and simpler. 

l-our approximations to the eigenvalue can be obtained usefully from (36) 
and (44). I'hcse correspond to « — 0; m = 0, I ; n = 0. 1, 2; n = 0. 1.2, 3. The approxi- 
mations arc; 


- 2.K477. - 2.8689. - 2.8777, - 2.8788 H (46) 

Hie cigcnvjiliie to five figures is - 2.8790 H. I'he.se results improve in the rations 
of 1:3:24 : 156. 

Ihc simple method of scries solution becomes more complex for ng4. 
Whenever n is a multiple of 4 the m equations before (42) can be combined together 
to give the left hand side of (43). This makes the m -f I equations needed for the 

simple solution inconsistent. The m equations give an infinite set of solutions. 

0 .'/. 

(43) can no longer be used to select the set which puts the terms t/'o ^ Cp p_,rj/rf " " 

p 

in the [domain of //. Despite the completeness of (17) it becomes necessary to 
introduce logarithmic terms. 

We require an auxiliary series to (36) to be able to remove the discontinuity 
in first derivatives when ii = 4. Such a series must differ in form from (36) and yet 
give terms of the sort in (36) on differentiating with respect to r,. (/=1 or 2). 
I'he form mu.st be logarithmic and is: 

V’(. I I Cp,p_..,rP/rf " logrp (47) 

" p 

From (47) and considerations similar to those which lead to (26), we obtain 
(48) with / = I . (40) is replaced by (49). 

^ p.p m.j = lor p < 0 or « < 4/ . (48) 

PiP+U Cp.p + {p-n-2){p-n- 3) C, 2 .j 

= - 2 { 1 + C(P - « - 2)} Cp_ 2.P- 1 .,• + 2(pC - 2) Cp . , .p . 

- 2(C' -F £o) Cp .2.P-.J + 2C(/ + I) Cp..2.p-,- 1,^. 1 

+ (i+ l)(2p-2n-5)Cp_2.p-,-2.jM 

-{j+ l)(/ + 2) Cp. 2 p_p. 2.j+ 1 


( 49 ) 



Three Body Problem 107 

C,., from (40) corresponds to C,., „ in (48). (49). (50), (43) is replaced by (50). 

^ {4p - n) C2p,2p-H.} = - (4p + 2 - n) € 2 ^+ 1 . 2,+ 1 

' 2 L 2 .. 0 .. (50) 

P P ' ' 

When j = 1 and n = 4 the right hand sides of (49) and (50) are zero. This means 
that (49) and (50) are interdependent but consistent. Both equations are satisfied 
by whatever value may be chosen for say Q. - 4 , , . When ; = 0. n = 4, (49) and (50) 
can be made consistent by adjusting the value of ro._ 4 .,. (49). (50) b«ome in- 
consistent when n is a multiple of 4 (nk 8 ) and j = 0 unless C„ is adjusted to 
make these consistent. When n = 8 . / = 1 (49), (50) are again inconsi.stent unless 
an auxiliary series from n = 8 with 7 = 2 is started. The total requirement is for 
the triple series in (51). 

V’o *1 I rJ/rf-'-dog r.Y (51) 

Jap 

There is a remaining problem. Tj, _ 2 , 0 ' f^ 2 .- io.o> (o'" example remain 

undetermined. This will be treated in a subsequent paper. The functions in (17) 
are in fact overcomplete. The terms corresponding to the undetermined coefficients 
can be removed from (17). The resultant inunctions still form an overconiplete set. 


9. Cusp Behaviour in the Ground State Solutions of Helium 
Schroedinger Equations 

The cusp behaviour of from (39) in the limit of r„ tending to zero is known 
to be; 

r,^0: (52) 

From (17) and (52) we obtain the following recursion formula: 

(2-C)Co., + C,., = 0 (5.3) 

The relationship in (53) is also obtained from (40), (41). This proves (52) for any 
series from (40), (41). (48), (49) produce the analogous result. The correct cusp 
behaviour at the origin can be shown similarly for the series generated in Sec- 
tion 10. 

We now consider the ground state solution IP of the Complete Schroedinger 
equation for helium defined after (5). We have: 

(H“ + H' - £ 0 ) 9^ = 0 ; c.f. (39) (54) 

In particular we consider the cusp behaviour of 9* as r , 2 tends to zero. The cusp 
theorem first formally stated by Kato can be written: 

9'-‘(f59'A7r,2) = 0.5; r.j^O; 


(55) 



tog 


F. T. Newman: 


From (55) it follows [7] that when r ,2 tends to zero V contains r,j in the forms: 

exp(0.5r,2)=l+0.5ri;+-- (5(j) 

The result in (56) confirms the use of r ,2 as a useful co-ordinate for the helium 
problem. There is a difficulty however. It is that both sides of (56) do not show all 
the correct properties when r|2=0. From the right hand side of (56) when 
cost/-- I. 'F will contain r^-r^. 'P becomes a radial function of the Second 
Type in Section 7. This is not acceptable. Let us consider the expansion of r^ 2 ■ 

i/= V [1/(2/ + .l) r''^/rl*'-l/(2/-l)Ti/r'-‘]F,(cos0) (57) 

Summing the first /+ I terms of (57) wc obtain (58) when cos()= 1. 

0 , - r„ F 1/(2/ + .^) r'- ^/r'^ ' + l/(2/+ ‘/rl (58) 

As / lends to infinity the terms in / become zero, ii is identical to ri 2 . On taking 
radial derivatives however the terms in / contribute to typr/, (/ = 1,2), when r, = rj 
iind / tends to infinity. 7 he radial derivatives of the expansion are non-uniformly 
convergent near r, -- when cosO- I. Because of this "P contains 0.5 u and is 
still a radial function of the I-irst T ype when eosf) = 1. tP will then have the correct 
cusp bchitviour tis r, , approaches zero. 

l et us consider the operation <7<'r, on 0.5 r,, and 0.5 u as these functions 
tend to zero and actually equal zero. 

0..5(rT,,/<T,)„,,^= --0.5; 

0..5(r>,, /(>,)„,„ = 0.5 
0.5(rV<>,)„.r,=- -0.5; 

0..5(iV<V, )„.,, = 0.5 

When describing the properties of 'F for r, = r 2 . cos (/ = 1, it is better to use 0.5 u 
rather than 0.5 r, 

Ciiven the importance of 0.5 u we expect to find terms from 0.5 u in any scries 
obtained from V. This expectation is confirmed in Section 10. However we 
obtain from (45) and before (45) the most significant terms in the solution of (39): 

V’o{l -FlC- 2)(r„-Frfc)-F0.5(r^+ l/3 r^, r^)} (61) 

The third term of the right hand factor in (61) corresponds to the term in (57) 
with / = 0. The constant 0.5 is confirmed. 


0.5(fr,2/rr,),| = undefined; 

0.5(<V'>i)r,-r.. = 0; 


(59) 

(60) 


10. The Formal Solutions for the Ground States of the SP, SPD, etc. 
and Complete Helium Schroedinger Equations 

The SP helium Schroedinger equation is defined after (5). For this we use an 
analogous expression to (17). This is: 


V'. = V’o "f I l" C,.,., rj/r? . P,(cos 0) 

I p If 


( 62 ) 
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The recursion formula analogous to (40) is; 

-(/-p)(/ + P+l)C,.,,,= -2{l+C(<y-2)}C,.,.,.,, 

+ 2{pC - 2) C,_ - 2(£, + C,. 

+ (/ + «/-2)(/-^ + 3)Cp_j.,_j., (63) 

+ 2//(2/-l).r, 

+ 2(/+1)/(21 + 3).C,_3.,-j.,., 

Krom (26) and (63) we have; 

Cp,, = 0 (oT p<l or q>p- 1 (64) 

The analogue to (43) is: 

- 1/(21 -nh l"(2p-n)r,.,.„.,; «^2/ (65) 

p 

Using (63), (64) and (65) subsets of coefficients may be extracted. These correspond 
to the following values for / and «; 

/ = 0./j = 0. l,2;/= l,n= l;/g2.n = / (66) 

There are an infinite number of subsets in (66). There are however significant 
gaps because of difficulties similar to tho.se which lead to (47). 

We concern ourselves with the three most significant subsets in (66). With 
these are no gaps. The subsets correspond to / = 0, n = 0, 1 ; / = 1, n = 1 . We obtain 
the following non-zero terms; 

V'„{ 1 + (C - 2) (r„ -f- r,) + 0.5 ^ [1/(2/ + 3) V/ ' - 1/(2/- D-ri/r' ' ']-P,(cos (/)} 

(67) 

with = 1. In the case of from (54) which is in the notation of (62) we obtain 
(67) with /£ = X. From (57) this proves the cusp condition in (55) and (56) with 
the special singular properties in (60). 

Fock [8] has shown that the terms of (67) for V up to the linear terms are; 

1 - 2(r, + r^) + 0.5 r, ^ (68) 

These terms can be obtained from (67) by expanding from (7). This shows 
how the terms in (68) belong to a square integrable series. 

It is clear that the form in (62) is inadequate for the complete evaluation 

of (P „ (Pj When n = 2/ (/ ^ 0), 2/ + 4, 2/ + 8, 2/ + 12 etc. the combination 

of (63), (64), (65), gives sets of inconsistent simultaneous equations. It is necessary 
to find the analogue to (51) for total correlation including angular correlation. 
From arguments similar to those for (51) this is; 

Vo I “f Y 'f C,, rS/rr- (log r,)/ P,(cos 0) 

I J n p 


( 69 ) 
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The analogue to (49) for the SP problem is; 


- (/- p) (/ + p + i) ( p p. „ji 


-2{1 + C(p~M“2)} Cp_2,p-ii- i,j,i 

+ 2(pC - 2) Cp.. , - 2(E, + c^) 

+ (( + p — fl — 2)(/ — p + fi + 3) Cp_2,p-„-2j.( 


+ 2 //( 2 /-i)rp. 3 .p_„. 2 ,,.,_, 

+ 2(/+I)/(2/ + 3).C,.3.,_„ 2J./+. 

+ 2;(/+i)C^ 

- l,p n~ I ,;+ 1 ./ 

f (/ + I ) (2p - 2 h - 5) Cp 2.P - 2J4 1 .1 

-(/+ i)(/ + 2)rp 

- 2.p II - 2,j + 2./ 


( 70 ) 


I lie analogue to (49) for the SPD problem is; 

(/ p) (/ t p t I ) Cp p p j ; - {terms on the right hand side of (70)} 
f Ml - l)/(2/ 3) //(2/ -l)Cp ,.p „ 2 

( 3|(/ ) 1 1/(2/ t !)■(/ f 0/(2/ f 3) 
t//(2/ f l) //(2/- D- 1/3} Cp ,.p , 

3 3(/+ 2)/(2/ ) 5)-(/+ 1)/(2/4 3)-Cp „ ,,,,,,.2 


Recursion formulae like (71) ean be built up for the evaluation of fPj. etc. 
I'or V'p, (u > 3), we obtain (72): 

- p)(/ + p f ll < p.,. n.i.i -- {terms on the right hand side of (71)} 

l.u 0,1 

)(-/■)■ 1 ) ^ ^ // t * 2w,t .1 p I .p n - I I jJ f 2 w 

I H' 

w here 

I 

L.h., = .1 E„( \) Pp(A) PJ.X) <l.\ 

I 

When / (72) yields the recursion formula for the complete Schroedinger 
equation. (69) can be u.sed to solve any of this infinite sequence of Schroedinger 
equations. This confirms F'oek's general conclusion [8. 9] that the formal solution 
of (54) contains logarithmic terms. 

The analogue to (50) for 9',, 9 ' 2 etc. is; 

1.) ). T 

Z(2p-n)Cp.p P.2.I-1/+ 1) ^ Cp,p.„.p+, , = 0 (73) 

P P 

The operation of (73) is similar to that of (50). It is used to ensure that the sets 
of terms with different values of p and j but with the .same values of / and n are 
kept within the Domain of H. 

There is the difficulty of undetermined coefficients similar to that mentioned 
af\er (51). These coefficients are for example: 

(i) for (>0. C,__,_,„.i where S--0.4.8..., 

(ii) for/ = 0. C 2.-2 ,. 0.0 where .V = 0. 4, 8 . . . . 
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The terms corresponding to these coefficients can be removed from (69) 
without the loss of completeness for the functions in (69). 


1 1. Variational Estimates for the Radial Limit 

The variational calculations so far undertaken have been small but accurate. 
These take the expansion in (17) to no more than thirteen terms. Following the 
series solution in Section 8 the general form (74) was used: 

V'o( ^+dtrt + + d^r^r^ + d^Jr^ + d^rljr^ + dgr^/r^ + dgri 

+ diora+diirir^ + di2rlr^) 


For the variation of thirteen independent parameters including ^ from (7) an 
eigenvalue of — 2.879028589 H was obtained. This compares with - 2.8790248 H 
obtained by Davis [10] from the variation of 66 independent parameters in a 
configurational interaction calculation of the sort mentioned ^fore (46). Our 
value also provides a more precise upper bound than was obtained by Davis 
from the implementation of up to 66 terms and extrapolating for infinite terms. 
Not only is the eigenvalue from (74) the best estimate of the radial limit ever 
obtained but it also represents the most successful eigenvalue obtained in thirteen 
or so terms for an electron correlation problem. The error from (74) is probably 
less than 2 parts in 10^. The result from I4lcrms[ll. 1 2] in the Hyllcraas expansion 
for the Complete helium problem shows an error of 2 parts in 10’'. The high 
accuracy of the present calculation is due partly to the simplicity of the problem 
and partly to the technique of choosing terms which are important in a series 
solution. 

We obtain the six most interesting trial wave functions from (74) each 
characteri.sed by a vector of coefficients which are a subset of d. Optimum results 
are tabulated below. These arc the relevent d-subscripts; optimum ; values; 
111 . the number of terms implemented by Davis which give a comparable eigenvalue. 


Tabic I 


fH 

c 

.Sulwcripls for d, 

^*min 

SS 

l-.SSH 

I.2.3...7 

-2.879.02.3,10 H 

S5 

1.5941 

1,2. 3. ..8 

- 2.879.023,47 11 

S5 

1.5132 

1.2.3 ...9 

-2.879.025.55 II 

66 

1.4842 

1.2. 3.. 10 

-2.879.025,93 H 

/ 

1.4419 

1.2.3 .11 

-2,879,027.31 H 

/ 

J..5899 

l.i.3.. 12 

-2.879.028.59 H 


The coefficients d, to d ,2 for the most accurate function are: 0.0918435727; 
-0.4126805604; 0.0269466033 ; 0.0046643072; -0.0354601186 ; 0.1679732815; 
0.0182867438; -0.0038330449; 0.0013156847; -0.0111772241; -0.0122628367; 
0.0218323572. 
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The accuracy of these results and those in (46) reflect favourably the con- 
vergence characteristics of (17) and (51). More extensive calculations need to be 
carried out. These should be well ordered so as to be extensible by extrapolation 
prtK:edures. 


1 2. The Motion of the Nucleus 

I he helium three body problem has a feature resulting from the finite mass 
of the nucleus. (54) is replaced by; 

(//'■ + //' + //"-£„) V'=0 (75) 


where; 

//" ^ - UlM (':X2 + <"’y2 + ^- 2 ) (76) 

H is the reduced ma.s.s of (he electron. M is the ma.ss of the nucleu.s. The atomic 
units of length and energy in (75). (76) arc defined using the reduced mass of the 
electron [ 1.1 1. 

The recursion formula for the helium three body problem is given in (77), (78). 
(/ i>){l 1 p t l)f'p.p „ {terms on the right hand side of (72)) 

- 2)(/ M |terms in (78)} 


f* * 1 ,f* - n J 


, 1 •(/ -I 0/(2/ + .1)'(/^ +6/ + n/-)- 3n + 9 + pn- 

P') 


i,p 

« i,j.( rl/(2l-\)(-l^ + ^l + P^-pn + ln- 

■2n 

<'r.r 

n 

i.j.i ( 1 ■(/ + 1 )/{2l+ .1)-s(/ - p + n + .1) 



n 

i.j,, ^-IC/dl- i\{l + p-n-2) 



1 .P 

„,,,,,,(/+OC/(2/ + 3)-(/ + pl-.1) 


+ ( p. 

1 .r 

,-(C/(2/-l)-(/-'P-2) 


+ ('p; 

1 .p 

-B 1.J+ 1.1 » I ■(/ + 0 (/ + 0/(2/ 3)-(/ + p + 3) 


+ rp, 

i ./» 

n i.i'i.i I'/O + 0/(2/— 0-( — / + P + 2) 


+ 11(21 

- 

1 ) 6'p.p 1 + (/ + 1 )/(2l + 3) C' (’p.p 

1 1 

- 1/(21 

- 

0’S(/ + 0 f p.p n - l.j* 1,1- 1 


— (/ + 

I)/( 

21 + 3| C(7' + 0 f’p.p -n- I.J+ i.i ^ 1 



An approximation for the two b<idy helium problem may be obtained using (72). 
The expectation is that this may be refined by successive approximations in (77). 
Limiting values for £0 from (72) and (77) will be the eigenvalues for the helium 
two body and three body problems. 


t3. Conclusioos 

i) A method has been developed for the series solution of the two and three 
body problems in helium theoretical chemistry. The analytical form for the 
problems of radial and angular correlation has been derived. The convergence 
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of the solution to the radial Schroedinger equation seems satisfactory. More of 
this series solution remains to be investigated numerically. The series solutions 
for the SP. SPD, etc. and Complete equations require processing. 

(ii) This work requires extension to those excited states of helium in which 
electrons are described in different orbitals. In these cases the space part of 
from (2) is more complicated than for the ground state and other states in which 
electrons are paired in the same orbitals. Such work is to be carried out to facilitate 
the extension of present techniques to lithium for which v’o'' >s still more com- 
plicated. 

(ii) Another problem should be tackled as a prelude to lithium. This is the 
problem of three negatively charged bosons in the same l.s orbital centred on 
ihc nucleus. 

(iv) We have made some progress with problems of series solution for Schroe- 
dinger equations. The corresponding Rayleigh-.Schroedinger perturbation equa- 
tions appear a parallel field of investigation. 
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CNDO Calculation of the ;c-Electronic Structure and 
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rhe CNDO calculation of the charge densities and bond orders show a distinction between two 
extreme geometrical configurations of the bcnrenesulphonic acid, hut the barrier to internal 
rotation of the sulphonic group about the C -S bond, calculated by the same method, has 
revealed that they are energetically equivalent. 


1. Introduction 

Some years ago we put forward a model of interaction between the 
sulphonic group and the benzene ring [1], This model has been considered in 
the simple LCAO-MO method [1], as well as in the Pariser-Parr approximation 
[2 4]. In this model the conjugation between the sulphonic group and the 
iT-electrons of the benzene ring is considered to be due to the presence of a 
vacant orbital centered on the sulphur atom in the sulphonic group. However, 
this model, which is similar to the Crawford's hyperconjugation model of 
toluene, might be valid only in the case the sulphonic group rotates freely about 
the C-S bond. Such barriers to internal rotation are in general small 
quantities, and their physical origin is not entirely known [5], 

In this paper the charge densities and the bond orders for benzenesulphonic 
acid (anion) as well as the barrier to internal rotation of the sulphonic group 
about the C— S bond, were calculated by using the CNDO/2 variant of the 
CNDO method [6-9], 


2. Results and Discussioiis 

For practical calculation the two extreme geometrical configurations of the 
benzenesulphonic acid with we are concerning with are given in Fig. 1. 

In the case of the configuration A the projection of one of the S - O bonds 
lies along the x-axis, while this is rotated an angle of 30^^ about the C — S bond 
in the case of the configuration B. The Broomhead and Nicol's data [10] 
were used as starting geometrical parameters. For C-H bond length the 
standard distance of 1.08 A was used. 
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/ z 

A B 

I in I ( niifinuriitiiins A and B of hcn/encsulphonic acid (anion) 


aj Charyc Densities and Bond Orders 

I rom the analysis of the charge distribution wc observed that these arc 
slightly dilTercnt in the ring, but significantly modified in the substituent. 

1 he re-cIcctron distribution in the ring was different compared to that 
ohtainetl in a Hiickel MO type treatment [1], but in both cases the meta 
charge is greater than that located in the ortho position which is in agreement 
with ihe chemical nature of the sulphonic group. 

I rom the a-bond order analysis the following conclusions were drawn. 

1) I'hc modifications of the bond orders in the ring under the rotation of the 
sulphonic group were insignificant. 

2) The C'- S bond has a very weak ir-character and a small contribution of 
the sulphur 3(/ atomic orbitals to this. 

3) In the case of the S-O bonds, which are of primarily interest for the 
present discussion, their physical nature appears to be different both from 
bond to bond and from configuration A to the configuration B. 


h) Barrier to Internal Rotation 

The experimental data [lU] show that the three S-O bonds of the sulphonic 
group are identically, which seems to be contradictory to the above picture of 
the chemical bonds. But the above C'NDO type description of the chemical 
bonds of the sulphonic group can be brought into the comparison with the 
experimental evidences if a free rotation of this group about the C-S bond is 
admitted. This fact suggested us the calculation of the barrier to internal 
rotation of the sulphonic group about the C — S bond from the configuration A 
to the configuration B. The energy difference between the configurations A and B 
was calculated as indicated by Pople and its coworkers [6], the calculated 
barrier being approximately 0.038 kcal/mol. As we know, this barrier has never 
been measured experimentally. Nevertheless, the magnitude of this barrier is of 
considerable theoretical importance for the understanding of the physical nature 
of the chemical bonds in the sulphonic group. So, the smallness of this barrier 
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indicates a free rotation of the sulphonic group about the C-S bond. In view 
of this remark the three S-0 bonds appear as equivalent. This remark is in 
agreement both with experimental observation and with the interpretation of 
ihe interaction between the sulphonic group and the benzene ring [1] in the 
same manner as in the case of toluene [11]. 
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A Note on an Aspect of Pseudopotential Theory 
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The variational approach of Rice and Weeks [J. chem. physics 49, 2741 (1968)] is used to derive 
the pseudopotential equation for the T-matrix, via a discussion of normal perturbation theory. 

1 . Introduction 

It has long been recognized that for atoms, molecules and solids, the rather 
complicated situation wherein all particles move under the mutual influence of 
all others, can be approximated, quite accurately, by reasonably simple descrip- 
tions. The hartree-fock method, for example, is just such a description, and 
many useful observations have been derived from it. In particular, it has 
been found that for a valence electron inside the core of an atom, there is 
almost complete cancellation between its kinetic and potential energies [1-4]. 
This suggests that the original equation may be replaced by an alternative which 
illustrates, in a somewhat more obvious way, the effect of this cancellation, and 
the mathematical procedure for implementing this alternative formulation is 
known as the method of pseudopotentials. 

What Phillips and Kleinmann [1] first showed, was that the eigenvalue 
equation, 

( 1 . 1 ) 

where 

= and •P.6{'P,}, (1.2) 

for all valence electrons, could be transformed to, 

(H + fl,)<f,= 7;d>, (1.3) 

without the orthogonality constraint. The non-local pseudopotentials Q,, are 
defined by, 

< 

and the summation is over the core orbitals {IP,}. Subsequently, Austin, Heine, 
and Sham [5], following earlier work by CoIict and Heine [4], showed that the 
general form of the pseudopotential could be written as, 


* Present address and for correspondence: I.C.I., Central Instrument Research Laboratory, 
Bozedown House, Whitchurch Hill, Reading, Berkshire, England. 
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in which are arbitrary functions. Weeks and Rice [6] have, in a very elegant 
way. derived the most general form in terms of any hermitian operator 9, and an 
arbitrary set of functions which define the projection operator P, thus 

Q=pe+&p-pep-AP 
where / is a lagrange multiplier. 

As they stand, pseudoputentials are of no advantage from a computational 
point of view, although the insight they afford into a given problem may often 
be valuable. Rather, their importance lies in the model potentials they suggest -- 
an aspect which has been exploited with success by Heine and his co-workers 
f K. dj, and Rice and his co-workers [6, 7] and in this note. Rice’s method is 
extended to the scattering problem via an examination of the effect of introducing 
pscudopotcntials in perturbation theory. 


2. Variation Principles and Pseudopotentials 

Rice and Weeks [6] have pointed the way in terms of the general di.scussion 
of pseudopotential theory and its relation to variation principles. Consider a 
hermitian operator and some arbitrary subset of the complete set of 
orthogonal functions that span its function space. The projection operator P 
defined in terms of the subset by, 

(2.1) 

C 

may be u.scd to define further a functional in terms of the operator 0, a function 
4> and the subset, thus 

.u = <(l -P)(^.|0|(l -P)<^>. (2.2) 

An arbitrary variation of <f>*, without any constraint, leads to 

<iw = <,>)</.|(l -P)0(l-P)|<^>. (2.3) 

since the complement of P is hermitian, so that requiring Sto — O leads to 

fld. = [P0 + 0P-P0P]d>, (2.4) 

which is the general unconstrained pscudopotential equation. Substitution of 
(2.1), together with [P, 0] = 0, leads to 

(2.5) 

where 

( 2 . 6 ) 

(2.6) is the equation suggested by Austin, Heine and Sham [5] as defining the 
general pseudopotential. If the variation of w with respect to arbitrary <f> {<!>*) is 
required subject to the normalization condition, 

<(I-P)^|(1-P)<^>=I. 


(2.7) 
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then the resulting pseudopotential equation is easily seen to reduce to, 

( 2 . 8 ) 

c 

where X is the appropriate lagrange multiplier. Eq. (2.8) is the generalized pseudo- 
potential equation first derived by Rice and Weeks [6]. Setting d = H, the hartree- 
fock hamiltonian leads to the Philiips-Kleinman equation [1], and 0=fto 
that of Cohen and Heine [4]. Any number of S 's can thus be chosen to suit a 
variety of situations. 

There has been widerspread use of these equations and their modifications 
[4, 5, 8, 9] in many bound-state calculations for atoms [6], molecules and solids 
[10 -12] and more recently attention is being focused on similiar problems 
involving scattering [13], Now it is well known that the transition from bound- 
state to unbound-state problems requires a modification of the formalism to 
account for the somewhat different physical situation, in which for example, 
the energy of the system is no longer an observable but simply a parameter. 
However, before considering the scattering problem in the light of Eqs. (2.5) 
and (2.8), it may be worthwhile to see what influence the introduction of a 
pscudopotential has in, say, the hartree-fock perturbation problem. At first sight 
the introduction of a pscudopotential in hartree-fock perturbation calculations 
may well seem an expedient measure, for one of the difficulties in such calculations 
is implementing the requirement that the perturbation equations for the different 
orbitals be solved subject to the overall orthogonality of the perturbed wave- 
functions. Thus to second order, for example, the requirement 


= ( 2 -^^) 

for the perturbed orbitals t/’, and t/’j leads to subsidiary conditions such as 

<vn<’> = ‘5,,. (2.10) 

<y|«>|g,n»> = 0. (2.11) 

''!<*>, (2.12) 

2<vf’IV’P’>=-<V’r’IV’!">- (2.13) 

( 2 - 14 ) 


for the zero, first and second-order functions. Now the introduction of a pseudo- 
potential transforms the equations. 


subject to 






to 

(H + t2i) = €((!>,, 


(2.15) 


(2.16) 


without the subsidiary conditions (2.12) and (2.14) in the perturbation problem. 
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Suppose, therefore, that a perturbation solution is sought to the equations, 

{H+V)y,, = E,v„ (2.17) 

for the perturbed hartree-fock orbitals tpj. The equations for the perturbed 
wavefunctions are to successive order given by. 


(W-Ovf = 0, (2.18) 

(H - = [cS* ' - (K + t/)] v>!“' , (2.19) 

ill - C) + [cl " - ( k' + Sj V)-] vl " , (2.20) 


etc. subject to hq-s. (2.10) to (2.14), and in which 


and further 


c;^'=<v'r'ik'+^,i^ivr>. 


( 2 . 21 ) 

( 2 . 22 ) 

(2.23) 


(i, V i.s the n'" order induced perturbation which results from the form of the 
hartree-fock potential. Now (2.15) may be changed to 




(2.24) 


in which Q, is any pseudopotential, and E, = f?, from the basic theorem. Eq. (2.24) 
may be grouped in two ways, either 


l{H-^i2,)+V\<f>t = ni4>i< (2.25) 

or 

[H + {y + i2,]],j>,^n,(l>.< ( 2 . 26 ) 

in which the pseudopotential is grouped either with H, or the perturbation V. 
Let the perturbed pseudofunctions be denoted by «/»!*’ and the corresponding 
energies by and consider first the perturbed functions which follow from 
the partition (2.25). 

(// + f2,)C' = '?l'”<^r’, (2.27) 


with cl*” = t/1”’. However, 01*” # v’l*”, so that in general 

»;l^'9fccl*'. for all k>0. 

The first partition, therefore, whilst giving the same total and zero-order energies 
as the usual theory, gives no other correspondence between the perturbed functions 
and enetg\es. ParttUon (2.26) on the otheihand, results in the following equations. 

H0|'» = ,,{O)0}'», (2.28) 

so that 01*” = v^l***, and ^l*** = c)*”. 
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Further 




However, the first-order equation is 


[£|‘'-(K + i 5, F + (2,)] vf*. (2.29) 

and similarly for higher orders. Thus, in general, 

# V’l*" . for k>0 
'll*’ ^ 4*’ « for k> 1 . 

For the special case of the Phillips-Kleinman potential, 

(2.30) 

the fc'*' order inequalities, therefore, now become, 

, for k > 1 

and 

^(t) ^ ^jt) ^ ^ 3 

A lack of correspondence between the actual and the pseudofunctions clearly 
exists, and could lead to serious discrepancies in the calculation of certain proper- 
ties a situation which is likely to be reflected in scattering problems with their 
formal resemblance to the usual perturbation theory. 

Turning now to the formulation in scattering processes, a natural choice for 
the invariants around which to construct the pseudopotential theory, are the 
elements of the T-matrix. Such a choice is rationalized in terms of the central role 
played by the T^matrix in scattering, its connection with the S- and K-matriccs, 
and its relation to the important observables in the phase-shifl analysis. 

Equations are sought, therefore, which leave invariant the elements which 
in the notation of Lippmann and Schwinger [14] are defined by 

(2.31) 

The incoming and outgoing waves are defined in terms of the hamiltonian. 
Ho, and eigenfunctions {</>„} of the initial and final states, and V the interaction 
operator, thus [14], 

The functional corresponding to rw for bound states, cf. Eq. (2.2), is now the 
Lippman-Schwinger functional defined in the present context by, 

- {<( 1 - P) , F (PJ + <<^», F( 1 - P) P) (p; ,V(l-P) (f >: ) 

^ (2.33) 
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in which the projection operator P is defined with respect to a given subset 
of H„. Arbitrary variations of and <f)^ lead to. 

= I , ( 1 - /’) f ( 1 - P) 0^- . ( 1 - P) K( 1 _ P) 0 ; > 

- ^0, ,(l - Plf'd - P)<50; > 


( - P) d ' f (i‘-P)0; 

Pir „ Hl-P)^0: 

t\ T tf. — ti^^ 


I he condition or^, = 0 leads to equations of the form, 

I 


/>; f ,, m -p)0: 

I l/» — 


which may be wrillcn as, 

0 ; = 0„ -t 

from which. 


1 

li -f (i; - //„ 


(f +«„) 


0,; . 


Qj>: //,.)- f )/^0; . 

Writing P - Xl0‘^ ‘^0'!’ setting r. to zero, Lq. 12.37) reduces to. 


(2.34) 


(2.35) 


(2..36) 


(2.37) 


f20j = X - £c) (0. 10 ; ) - <0.. ^^ 0 ; >} 10. > (2.38) 

f 

an equation which bears an obvious resemblance to the corresponding Eqs. (2.5) 
and (2.8). Operators defined by (2.38) clearly leave the elements of the T-matrix 
invariant when added to the potential V. and arc therefore genuine pseudo- 
potentials. 

The approach to pscudopotentials outlined above is strictly valid for one- 
elcvtron operators and wavcfunctions only, and needs modification when con- 
sidering the many-clectron anologuc. Thus the general n-electron trial function 
takes the form, 

N 

V’(l N)= n (‘-P.)0(' (2-39) 

I - i 

with P, defined in the usual way by, 

Pi=II0.(O><0.(»)|. (2.40) 

Eq. (2.39) may be written as, 

V’(l )V) = (1-(2)0(I N), 
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in which ( 1 - Q) is idempotent, so that for the hermitian operator &, the n-electron 
pseudopotential equation is given by, 

1 N)={Q0 + eQ-QeQ-AQ}(f>{l N). (2.42) 

Product functions (/»,,( (V), whether antisymmetrized or not, reduce 

Eq. (2.42) to the usual form when 0 is a one-electron operator, but for two- 
electron operators the situation is slightly more complicated. A simple product 
variation function of the form. 


. ^ V'(1.2) = (l-e)</>0)V'(2), (2.43) 

in which 

Q=P,+P,-P,P,, (2.44) 

leads to the following two-electron pseudopotential equation, 

f2(I,2)(^(l) = [<V'(2)ie<9|v’(2)>-;,<v’(2)ieiV'(2)>]|</)(l)>. (2.45) 

which may be expanded to, 

Q(1,2)^(1) = X[<^<(J)V’(2)|0(1.2)|.^{I)V'|2)>-;.<^,(1)|0,(I)>]|<;(.,,(1)> 

+ I<<^.(2)l ip(2)) [<,^,(2)|«(1, 2)1 v.(2)> 

d 

-/.<(^,(2)|vi(2)>]10(l)> (2.46) 

+ 1 <</>a(2) I V’(2)> l)l^( l)> [<^.( 1 ) vH)} 

c,d 

(2) (vi(2)> <<^,(1)|,^(I)>](<A..(|)>, 

and similarly for (/’(2). In the calculation of the matrix elements of Q, expansions 
in terms of orthogonal functions greatly simplify (2.46). and the only non-vanishing 
elements derive from the first summation. 

For antisymmetrized products of the form. 

V’( 1 . 2) = 2 - ' "( 1 - P, ) ( 1 - Pi) (<^( 1 ) V’(2) - v’(l ) 0(2)) . (2.47) 

Eq. (2.45) is modified to include exchange, and is now given by, 
fl0(l) = [<V(2)l(201vM2)>-;.<v’(2)ieiv'(2)>]|0(l)> 

-[<v’(2)iQ0i0(2)>-;.<v’(2)iei0(2)>]iv’(i)> ^ 

Once again, the only non-vanishing matrix elements of involving exchange, arc 
obtained from the expansion. 

- 1 [<0c( 1 ) V’(2) 1 0 1 V( 1) 0(2)> - A<i/42) 1 0,(2)>] 1 0,( 1 )> . 
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Formulas to calculate the energies of the hybridized valence states are given. The formulas cover 
any of the hybridized valence states, so far as the valence orbitals involved are s - p hybrids, and are 
useful in the sense that they give essentially the same results as those obtained with the modified 
Gpik method [1] quickly. The prescriptions and the numerical data for the actual evaluation of the 
hybridized valence-state energies are also given with particular reference to the atoms and the ions 
of carbon. nitrogeiL and oxygen. In Appendix, addenda and corrigenda of the previous paper [I] 
are given. 

Key words: Hybridized valence state energy formulas 


1. Introductioii 

In a previous paper [1], it has been pointed out that ofT-diagonal terms, 
corresponding to interactions among multiplets of the same symmetry arising 
from different configurations participating in the hybridized valence state, must 
also be considered in addition to the diagonal terms considered in Opik's 
method for evaluation of the hybridized valence-state energies [2], in order that 
Moffitt's [3] philosophy of defining the valence state be preserved even for the 
hybridized valence states. This modified Opik method however is too compli- 
cated to be used. Therefore, formulas useful for the evaluation of the energies 
of hybridized valence states in the sense that they give essentially the same results 
as those obtained with the modified Opik method quickly have been derived, 
although we have confined ourselves to those valence states which involve s-p 
hybrid AO’s only. It is the purpose of the present paper to present such formulas 
and to give the prescriptions for the actual evaluation of the hybridized 
valence-state energies of the atoms and the ions of carbon, nitrogen, and 
oxygen. 

2. Derivatioa of Fommlas 

Since we are confining ourselves to valence states involving s~p hybrid orbi- 
tals only, the atomic orbitals containing valence electrons may be expressed 

“ tt = c,iS + c^,x + c„y + c,iZ (i=l,2,3,4) (1) 
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without loss of generality. In Eq. (1), s. x. y, and z represent the s, p^, and the 
p, AO, respectively, while c,„ c„, and c,, are numerical coeflicicnts subject 

to the orthonormali/ation conditions of t,'s. The formulas to be presented arc 
then as follows; 

E(t,, E{s, -c.M£(x, K,)=0, (2) 

t'l'i h- y2)-(<^i +<'h)U'ix. Vzi-O-c^t ~ch)E(xy, 1^2) , 

= (l/2)4rf2e. 

Edt £(^^ ^;,)-(l-^,^)£(x^ K)) = c.Mrf,-l)e. (4) 

£(/ , f 2 f Tj) - ( 1 - E(sxy. yj) - £(xyz, Kj) 

- ( 1 /2) (c^, c^2 + ‘fi ch) Q . 

£(/f/j. f^,) +4 - l)£<-v"x, V,) 

= (r^.+‘•i.‘■i2-2r,^-ci2 + ^)G 

+cf2- 1)R, 

t'(r , t2 U. K») - £(.va 72 . K,) = ( 1/4) ( 1 - 4j Q , (7) 

tu]t2(y l''2)-(<si - £(.V^.X>-. Fj)-!! + r,4) £(.s.x V- 

= [<'i4 -- <'U + {l/2)c,\r,^3] Q + Sci^R , 

E’(t| tj. +r,^2) E(s^x^ Ko)-(l -c/j) £(x^.v^. Kq) 

= (<f,+f?2)(c^+cf2-l)e. 


f^UihhU- Eis^xyz, Kil-ll - (f,) £(s.x^>’z, K,) 

= (1/2) (c^2 ('h + chc'L + cfj G . 

E(f f f 2 fa. I'l ) - (c^i + cli - cU) Eis^x^y, V, ) 

- ( 1 - tfi - <-^2 + eh) E(xx^y\ V,) 

= - ‘•.^ 2 ) G + 5r.4 R . 

£(r?l2faf4. V'al-d -d -c;4)E(s^x^v^, V'j) 

- (d + d) Efsx^y^z, = (l/2)dd G ' 

£(ff t2 fl I'd) - (1 - d) 1 ^ 0 ) 

- d £(x*>•^r^ Ko) = d(d - 1) G . 

£^(ff fi f J U- 1 ^ 1 ) - (I - d) E(s^x^y^z. F,) - d E(sx^y^z^. F,) = 0 . 


( 10 ) 

( 11 ) 

( 12 ) 

(13) 

(14) 
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In Eqs. (2)-(14). Q and R are the following combinations of the usual electron 
repulsion integrals: 

Q = (ss I ss) + (xx I xx) - 2(ss I xx) - 4(sx | sx) . 
=(sx|sx)-(xj'|xy). 

The idea underlying our formulas is to express the energy of a hybridized 
valence state with reference to an appropriate weighted mean of energies of a 
pair of unhybridized valence states, in such a way that the core energies which 
are difficult to estimate do not appear in the formulas. The choice of the 
weights and the reference unhybridized valence states is, however, not unique. 
Our choice is based on the requirements that the resulting formula is as com- 
pact as possible and that the reliable values of the reference unhybridized 
valence-state energies are easily available. 

Formulas (2)-(14) may be proved in the following ways: 

(i) Write the energy expressions of the hybridized valence states in terms of 
the one- and the two-electron integrals over hybrid AO's. 

(ii) Expand these integrals in terms of integrals over unhybridized AO's, 
using Eq. (1). The energy expressions of the hybridized valence states in terms 
of integrals over unhybridized AO's will then be obtained. 

(iii) Write the energy expressions of the unhybridized valence states appearing 
in the left-hand sides of Eqs. (2)-(14) in terms of integrals over unhybridized 
AO's. 

(iv) Make the expressions of the left-hand sides of Eqs. (2)-(14), using the 
valence-state energy expressions obtained in (ii) and (iii) above. Equations (2)-(14) 
will then be obtained by using assumptions for the one- and the two-electron 
integrals, which are best described with reference to some examples. Let us take 
Eq. (10) as an example. If one looks at the expressions of the quantities 

(16) 

£(s^xyc, Fj), (17) 

Elsx^yz, Kj), (18) 

obtained in (ii) and (iii) above, one will find that integrals such as (one- 
electron core integral over s AO) and (ss|zz) appear in the expressions of all of 
(16) (18). We assume that the value of a given one of such integrals in (16) is 

equal to the weighted mean of the values of that integrals in (17) and (18) with 

weights cjt and (1 -cfi), respectively. The second of our assumptions is con- 
cerned with those integrals which appear in not all of (16)-(18); we assume that 
the value of a given one of such integrals is independent of the electron con- 
figuration. 

Equations (2)-(14) can also be obtained by using the modified Opik method 
[1] for the hybridized valence states and Moffitt’s method [3] for the unhybridi- 
zed valence states, if the orbital approximation and the set of assumptions on 
the equalities among the integrals mentioned in the preceding paragraph are 
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adopted for the difference between the hybridized valence-state energy and the 
weighted mean of the energies of the pair of the unhybhdized valence states, 
given as the left-hand side of each of Eqs. (2)-(]4). It is to be noted that 
Eqs. (7). (8). and (10) have already been derived by the present author [4] for 
special cases where r ,4 = 0. 


3. Namerkal Evaluation 

To evaluate the energies of hybridized valence states with Eqs. (2)- (14), those 
of unhybridized valence states must be determined first. These values are pref- 
erably determined directly from the observed term values as de.scribed by 
Moffitt [3]. Although Pritchard and Skinner [5] have already given such results, 
we have determined the energies of all the unhybridized valence states belonging 
to the configurations of l.s^2v"2p" (m = 0, 1,2; m = 0, 1,...6) for the neutral 
atoms, the singly-ncgative ions, and the singly- and the doubly-positive ions of 
carbon, nitrogen, and oxygen with Moffitt's procedure. The results are given in 
fable I. The observed term values have been taken from Moore's table [6] by 
averaging out the fine structure, each component of a particular term being given 
a weight of 27+1. When no observed term values are available, the values 
obtained by extrapolation along isoeiectronic series, have been used. In doing 
extrapolations, quadratic functions of atomic number have been u.sed for most 
cases, but linear function had to be used for l.s^ 2p’ for lack of data, while 
cubic functions have been used for l.s^ 2p*‘ ‘i’. l.s^ 2s^ 2p^ ^P. and l.s^ 2s^ 2p* ’P, 
because term values extrapolated for the negative ions using quadratic functions 
have turned out to be higher than those of the neutral atoms for these isoeiectronic 
scries: one would expect that the term value of a given term should decrease with 
decreasing (positive) ionic charge along isoeiectronic series. For the l.s^ 2p* con- 
figuration. reliable term values are available only for *. .so that no inter- 
or extrapolation is possible for this isoeiectronic scries. The energies of the valence 
.states of C and N ^ belonging to this configuration have therefore been deter- 
mined from the semicmpirical values of the average energy of the configura- 
tion and of F^{2p. 2p) given by Anno and Teruya'[7], 

Another data necessary for using Eqs. (2) (14) arc the values of the quanti- 
ties Q and R defined by Eqs. (15). The values of (.xyl.xy) and (.sx|.\.x) may be 
evaluated from F^{2p.2p) and f/'(2s, 2p), respectively, since it holds that 

(.x>’lxy) = (3/25)F^(pp), (19) 

Isx I .sx) = (1 /3) G ' (.vp) . (20) 

The Q value on the other hand may be evaluated from the energy change d£ 
of the reaction 

2A(s.xv'"r")-* A(.s*y"z") -I- A(x*y"z*) (21) 

and the (s.x|sx) value determined by Eq. (20), since it can be shown that 


d £ = (ss I ss) -(- (xx I xx) — 2(ss ( xx) -(- (sx i sx) 


( 22 ) 
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Table 1. Energies of valence states of atoms and ions of carbon, nitrogen, and oxygen as 

with Moffitt's method (eV)* 


Valence state 

Energy 


Valence state 

Energy 


sx, Vi 


8.0392 

Fo 

C 

20.7225" 

XV. Fj 


17.2946 


N" 

30.0113" 

x=.F„ 

C2X 

19.59.39 


O'" 

38.8301 

X. F, 

C* 

0.0053 

s^xyz. Fj 

C" 

(0.7243) 



0.0144 


N 

1.1915 

s x .v, F, 

C* 

8.4172 


O" 

1.6619 


N"" 

11.2025 

s^x^V. F, 

c- 

(1.8063) 

.rx^ F, 

C* 

10.1780 


N 

2.9787 


N"" 

13.7599 


O" 

4.1696 

xyr. Vj 

C* 

18.1258 

sx^yz. Fj 

C 

(9.1461) 



24.1612 


N 

(14.1669) 

x-y. F, 


19.7816 


O* 

19.1647 


N"* 

26.8635 

.sx^y^, F, 

t'" 

(10.2282) 


C 

0.3187 


N 

(16.0406) 


N* 

0.4828 


O" 

21.8010 



0.6474 

x^y^z. F, 

c 

(18.7542) 

Fo 

c 

1.7367 

< = P’. ^P) 

N 

(29.0878) 


N* 

2.6160 


O' 

(39.4215) 



3.4590 

x^x^yz, F^ 

N 

(0.3398) 

XXVI. Kt 

c 

8.2605 


O 

0.4989 


N' 

11.95.12 

s'x^y’. Fq 

N 

(1.8503) 


o** 

15.3933 


O 

2.7072 

xx^v. F^ 

c 

9.8502 

sx^y^z. Fj 

N' 

(12.4735) 


N* 

14.1812 


O 

17.6229 



18..1555 

x^v^I^ F„ 

N 

(24.2436) 

x^ i, Fj 

c 

18.8124'’ 

(=P*. ‘-V) 

O 

(.36.2761) 


N* 

27.1765" 

s^x^y-z. F, 

O 

(0.0061) 



35.6297 

(=S*p’. ^P) 






F, 

o 

(14.9792) 




l=jp". *5) 




‘ The valence slate energies given are referred to the ground stales of the respective atoms or ions. 
The observed term values necessary for the evaluation of the valence-stale energies have been 
taken from Moore [6] by averaging out the fine structure, each component of a particular term 
being given a weight of 2^+ I. If no observed term value is available, the value obtained by 
extrapolation along isoelectronic series has been used. The valence-state energies based on such 
extrapolated term values are enclosed in parenthe.ses. See Section 3 of text for detail. 

^ For isoelectronic series atoms with Is^ 2p* configuration, reliable term values are available only 
for , so that no inter- or extrapolation is possible for this isoelectronic series. The energies of 
the valence states of C and N ^ belonging to this configuration have therefore been determined 
from the semiempirical values of the average energy E„ of the configuration and of F\2p. 2p). As 
for f '(2p. 2p) for this purpose, “corrected values' given in Table 2 of Ref. [7] have been used, while 
the E„ values have been obtained by the same method as described in footnote f to Table I of 
Ref. [7], except in that a quadratic function has been used for extrapolation. 


for Reaction (21) within the usual orbital approximation. In either sides of 
Reaction (21), the two atoms concerned are supposed to be separated infinitely 
from each other. Moreover, the spins of electrons belonging to different orbitals 
of a given atom are supposed to be random. This means that the atoms are in 
valence states, although the valency number, which depends upon the m and the n 
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values, is not shown. Thus, the d£ of Reaction (21) may easily be evaluated 
with the data of Table 1 if A is the atom or an ion of C, N, or O. It is to be 
noted that the Anno-Teruya values [7] of F* and G* have to be used for 
Eqs. (19) and (20), because some of the data of Table 1 are based on these 
values'. 

Although we have described ail the prescriptions and the data necessary for 
the application of our formulas derived in Section 2, a numerical example should 
facilitate the understanding of our prescriptions. For this purpose, a neutral 
nitrogen atom in its valence state trf tr 2 tr^z, Fj. where tr^, tr^, and trj are three 
equivalent .sp^ hybrid AO's lying in the xy plane, will be considered, because this 
is the example adopted in a previous publication [t]. Now, if one would look 
at Table 1, remembering that x y. and z are equivalent with each other, it should 
not be diflicult to find that F.q. (21) as applied to the present example is 

Nl.vxv^r, F,)-N(.sV^, F,) + NUVz. K,). 

rhereforc, it is rather straightforward to obtain 9.2099 eV as the energy of this 
valence state above the ground state of the nitrogen atom from Eq. (10), by using 
the data of Table 1 and the G'(2.s, 2p) value taken from Table 3 of Ref. [7], since 
ff, = < = 1/3 and c /4 = 0 in the present example. The value obtained for 
the same quantity with the modified Opik method [1], by using the data which 
arc used previously [1] and arc the same as those used in the present work, is 
9.2097 eV. This is very close to 9.2099 eV obtained above. 


Appendix 

Addenda and Corrigenda for Previons Work [I] 

Since a valence stale is an eigenstate neither of L^, S^. L^, nor of S, in 
general cases, more than one component of a given multiplet may be involved 
in an expansion of a valence-state wavefunction <Py. This fact has been disre- 
garded in Ref. [1]. Therefore, Eqs. (1) and (2) of Ref. [1] must now be written 
as 


II 

* 

(A.1) 

= Z £ ^'r.tVV.i 

1 J* 1 

(A.2) 


respectively, where i/V.j is the wavefunction of the i"* component of the r"* 
multiplet. which is supposed to be in an X-fold degeneracy if the spin-orbit 

' As for the G‘(2.i, 2p) value, it is inevitable to use that of the sp” configurations, since the senu- 
etnpirical value of this parameter can be determined only for such type of configurations. As for the 
F^[2p. 2p) value, it would be logical to uk an appropriate weighted mean of values determined for 
different configurations of a given atom (or ion) if available. For example, the F’(2p, 2p) value to be 
used for the calculation of the R value of Eq. (S). through Eqs. (IS) and (19), would be the weighted 
mean erf its values determined for the s^p’ and the sp’ configurations with weights cj, — cl, and 
1 ~cl, +cl,. respectively. 
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interaction is neglected and is the expansion coefncient. the order notations 
being the same as those used in Ref. [1], As a consequence, we have 


Z Cr.lV,.i+ ^ 


r=l 

r#s,l 




i«l 


(A.3) 


instead of Eq. (7) of Ref [1] and similarly for Eqs. (4) and (6) of Ref [1]. As in 
Ref [1] s and t refer to the multiplets of the same symmetry by definition and 
yi j and vl.i must correspond to the same and the same Afj values in order 
that they interact to each other. Therefore, it holds that 


and that 


f. = f, = f (A.4) 

r= 1 1 

r#i,l 


r* I 


1 

If the spin-orbit interaction is neglected, the matrix elements involved in Eq. (A.5) 
are independent of i, so that this equation may be reduced to 

Z ( Z <VVl-^l VV> 

r^j,l 

+ ( z ic../i^) v’;> + ( z I vo (A.6) 






which shows that the following replacements are necessary in Eq. (8) of Ref [1]: 

ICrl^ -♦ Z l^r./P 

1 = 1 

If/-* Z K/ 

1 

kil^-* Z k«./ 

1 

/ 

c*c, + cf‘c,-* 5 ] ) 

(-1 


(A.7) 
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This set of replacements is also necessary in Eqs. (3), (S), (13), (IS), and (17) of 
Ref. [1]. Fortunately, however, the conclusions of Ref [I], including the 
numerical value of Ey(I) — Ey(II} (see Eq. (26) of Ref [1]), are unchanged with 
this modification. This is due to the fact that the set of replacements is necessary 
in Eqs. (13) and ( 1 5) of Ref [ 1 ] at the same time. 
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The origin of the conformational preference of acyclic disulfides is elucidated with population 
analyses and electron density maps of extended Hiickel wave functions for HSSH and HjCSSCH.,. 
Overlap population between the sulfurs is greatest when the dihedral angle abt^ut the S S bond is 
near OfT because the negative contributions from the repulsive interactions of the lone-pair electrons 
arc minimized in this conformation. Electron density maps are introduced to illustrate the re- 
arrangement of the valence electrons in HSSH when the molecule is formed from the isolated atoms 
and the redistribution which occurs when the molecule is twisted about the S-S bond. A ‘‘C~‘-shapcd 
distribution is found for the lone-pair clouds around each sulfur. The spacing between these clouds 
and the transfer of density away from the sulfurs toward the hydrogens are enhanced when the di- 
hedral angle is near 90" 

Key words: Hydrogen persulfide Disulfides, conformation of 


IntroducHoo 

Recently, we have shown that the extended Hiickel molecular orbital 
(EH MO) method can be used to explain the relation of the uv absorption 
spectra of organic disulfides to the dihedral angle about the S-S bond [1], 
Computed transition energies and oscillator strengths varied in a manner 
qualitatively consistent with experiment for several of the long wavelength bands 
through the range of observed dihedral angles (~0‘' to ~120“) Since the 
EH MO’s appear to give a satisfactory description of the electronic structure 
of the disulfide chromophore, wc wish to bring them to bear on another 
aspect of disulfides, namely, the origin of the roughly 90“ preference for the 
dihedral angle about the S-S bond. For instance, in HSSH the dihedral angle [2] 
is 90.6“, and in H 3 CSSCH 3 . the CSSC angle [3,4] is about 85°. Of course, bulky 
substituents [1] can force the dihedral angle to open beyond 90°, and small rings 
or intramolecular hydrogen bonds [ 1 ] can impose dihedral angles considerably 
smaller than 90°. 

Calculations by the EH method were carried out using previously published 
parameter values [5-7]. The usual Slatertype basis sets were employed, including 
the S3d functions. Hydrogen persulfide, HSSH, and dimethyldisulfide, 
H 3 CSSCH 3 , were assigned dihedral angles from 0° (cis) to 180° (trans), including 
the experimental values near 90°. Bond lengths and angles were held fixed at the 
microwave determined values [2, 3]. For purposes of computing potential 
energy curves for internal rotation, 0.5 .Sc, was employed. This quantity has 
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Tabic I C'akulations on the barriers to internal rotation in HSSH 


Method 

Preferred 

dihedral 

angle 

cis 

barrier 

(kcal/molej 

irons 

barrier 

(kcal/mole) 

Ref. 

Simpk l.( A()-Mf) 

90' 

14 

— 

[18] 

( NIX) with Siehel-Whitehead 

90 

2-7 

2.7 

[19] 

parameters 

t NtX) with Santry-Scsal 

95 

3.4 

0.8 

[17] 

p.iratnctcrs 

Ah inilh with GauiLsian. 

90 IfX) 

7.4 

1.9 

[15] 

type functions 

(1 oial cncr^jy 7yif)ftauj 

Ah tmiut with Gaussian^ 

98 

77 

2.2 

[17] 

type functions 
( 1 dial energy 71)3 <J7 a ii ) 

'tfi iiuiui with (iiiussiaii- 

91 

9 3 

6.0 

[16] 

type functions 

( 1 otal energy 7*Xil8au| 

1 ‘resent work 

KO 90 

1.5 

09 



been shown [h, 9] lo be more appropriate for evaluating total energies of 
molecules in FiH theory than the simple sum of the eigenvalues of the occupied 
MO’s over all valence electrons, li:,. 

The main purpose of this paper is to use electron density maps for extending 
our understanding of the disulfide rotational barriers and for visualizing the 
shape of the electron lone-pair clouds on sulfur. Electron density maps of 
f;H MO's have been established as a highly useful technique in the study of 
molecular electronic structures [6,9 13]. Before presenting the illustrations, 
Mulliken [ 14] population analyses will be done on both HSSH and HjCSSCHj. 
Our population analysis results are presented in more detail than has been 
done by previous authors, so that all aspects of the variation of bond strengths 
and orbital populations can be traced as a function of dihedral angle. We will 
see that the essential features of the population analyses, which have been 
oKserved in ah initio calculations [15-17], are also displayed by our semi- 
empirical EH MO's. Hence the EH MO electron density maps should further 
elucidate the electron redistribution accompanying the conformational changes 
in the disulfide group. Electron density difference maps computed by standard 
procedures [13] will be presented for the smaller model compound HSSH. 

Barriers to Internal Rotation in HSSH and H,CSSCH, 

As with numerous other quantum mechanical studies [15-19], our EH 
calculations give the correct general shape for the potential energy curve of 
HSSH (Table 1). But the EH barrier heights are obviously low compared to the 
oh initio values. Experimentally, the heights are not yet known precisely. The 
EH calculations do mimic the ab initio calculations [15-17] in regard to the 
S-S overlap population. n(S-S). being greatest when the dihedral angle is 90°. 
The value of n(S-S) increases from 0.831 at a dihedral angle of 0° to 0.854 at 90°. 
and then drops to 0.844 at 180°. A significant property of n(S-S) can be found by 
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breaking it down into tr and ji components. Whereas the a overlap population 
between the sulfurs increases monotonically as the dihedral angle is opened 
from 0-180°. the n value peaks near 90° at 0.178, compared to 0.162 at 0° 
and 180°. It follows that the interactions of valence AO's of n symmetry with 
respect to the S-S axis determine the preferred 90“ conformation in disulfides. 
Furthermore, a repulsive interaction exists between the lone-pair electrons of 
each sulfur: the S|3p,-S2 3p, contribution to the n component of n(S-S) is 
negative. It is mainly due to the 3p, — 3</, interactions that a net positive 
n component is obtained in our calculations. The S,3p,-S2 3p, overlap 
contribution is least negative when the dihedral angle is near 90°, thus indicating 
that the repulsion between the lone-pair electrons is somewhat relieved in this 
conformation. The population analysis of the EH MO's also gives the smallest 
charge separation between S and H at this geometry; the net charge on sulfur. 
e(S), is -0.098 at 0°, -0.087 at 90°. and -0.092 at 180°. 

Other quantities in the population analysis of HSSH did not show extrema 
at 90°. For instance, the S-H overlap population decreased marginally and 
monotonically from 0.761 at 0° to 0.756 at 180°. The only ab initio calculations 
[15] to report «(S-H) give a shallow minimum near 90°. The total occupation 
uf the 3d AO's on each sulfur increased steadily from 0.101 e at 0" to 0.1 15 e at 
180’. Thus, the 3d AO's are not greatly occupied in the ground state of HSSH, 
and, in fact, the extent of occupation is almost the same as in the large basis 
set ah initio calculations [16]. At a dihedral angle of 90°, the rigorous dipole 
moment computed from all one- and two-center integrals [20] is 2.87 D. This 
contains a contribution of 0.79 D from the net atomic charges and a contribution 
of 3.88 D from each sulfur atomic dipole moment [13,20]. The latter quantity 
reflects the large asymmetrical polarization of charge due to the lone-pair 
electrons as will be displayed later. A rather old experimental [21] dipole 
moment of 1.18 D for HSSH is bracketed by our rigorous and point charge 
values. The rigorous dipole moment of the hypothetical cis planar conformer 
of HSSH is 4.12 D. 

In dimethyldisulfide H3CSSCH3, there are two S— C bonds and one S-S 
bond about which hindered rotation takes place. Calculations were done through 
the range of CSSC dihedral angles with three different methyl group arrange- 
ments as graphed in Fig. 1. The most stable geometry has a dihedral 
angle of about 90° and both methyls staggered. When the methyls are 
in their equilibrium conformation, the cis barrier for the S-S bond is 
7.0 kcal/mole, and the tram barrier is 2.2 kcal/mole. The rotational barrier about 
the S C bonds can be seen in Fig. 1 to be about 1.2 kcal/mole at those CSSC 
dihedral angles large enough to avoid steric hindrance between the methyl 
hydrogens. Thus, the predicted equilibrium conformation and the various barrier 
heights are in good agreement with experiment [3,4,18,22]. Of the several 
previous calculations on the conformational energy of H3CSSCH3, the PCILO 
method [23] yielded a preferred dihedral angle of 100°, a cis barrier of 
2.9 kcal/mole, and a tram barrier of 1.3 kcal/mole. One point about the PCILO 
calculations is that the molecule at a dihedral angle of 100° is predicted to be 
1 kcal/mole more stable when both methyls are eclipsed than when both 
methyls are staggered. On the other hand, the EH calculations agree with 
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Oihadfil Angh 

I i|j; I I'linrormudonal energies of 11 ,C‘SSCHj with both methyls staggered (2). one methyl stag- 
gered and one eelipsed (1), and both methyls eclipsed (0) with respect to the S- S bond. The 
energy is relative to that for the most stable conformation. The top two curves extend off the graph 
at small dihedral angles hecau.se of steric hindrance between hydrogens of each methyl group 


experiment [4] by favoring a staggered arrangement for the methyl groups. 
I'erahia and Pullman [23] refer to some work [24] where an EH method failed 
to give the correct shape of the potential energy curve for H3CSSCH3. Instead 
of the near 90' dihedral angle, a 180“ angle was predicted to be most stable. 
However, we encountered no difficulty in the implementation of our EH method. 
Other calculations on dimethyidisulfide used a ZDO-SCF method [25] and 
showed the total energy to be lower at 90" than at smaller dihedral angles, but 
the barrier heights of 45.9 kcal/molc (n.v) and 14.5 kcal/mole (trans) seem much 
too high. 

The Mulliken population analyses of the most stable conformers of 
H ,CSSCH , yield conclusions similar to those for HSSH. The overlap population 
of the S -S bond maximizes at 0.952 and the charge on sulfur, Q(SX becomes 
least negative at —0.038 when the CSSC dihedral angle is 90". The overlap 
population of the S C bonds reaches a peak of 0.675 and Q(C) becomes most 
negative (-0.119) when the dihedral angle is around 60". The rigorous dipole 
moment of H3CSSCH3 with both methyls staggered decreases monotonically 
from 5.70 D in the cis conformation to zero in the trans. At a dihedral angle of 
90'. our rigorous dipole moment of 3.91 D and point charge value of 0.82 D 
again bracket the experimental value [3] of 1.985 D. 

Electron Density Maps of HSSH 

We did not have the benefit of a plotter in the preparation of the electron 
density maps seen in Figs. 2-10. Hence our figures are made by photographing 
printed output from the computer (IBM 360/65). Our computer program can 
take a two-dimensional array of numbers, such as electron densities, and And 
specified contours of equal density. The resolution of the printout is limited by 
the size and ratio of height to width of the type characters. However, any area 




Electron Redistribution in Disulfide Bonds under Torsion 


141 



Fig. 2 Electron density in the 0" conformer of HSSH. The difference between the molecular and the 
spherically symmetric, ground state atomic densities is plotted in two mutually perpendicular planes 
through the S- S bond: the upper half shows the density in the plane of the S S H atoms; the lower 
half shows the density perpendicular to the S S H plane at the other end of the molecule. Each half 
of the figure, which splits the molecule at the midpoint of the S S bond, covers 5 x 2.5 A. Because 
of the Cjc symmetry of the cis conformer. both halves of the molecule are equivalent 


of the molecule may be magniried as much as necessary by having many maps 
each covering a small portion. The scale used in our figures was selected on the 
basis of giving maximum magnification of the molecule while still allowing the 
contour characters to be legible. Numerical characters correspond to negative 
density differences, i.e., a deficiency of electrons, and alphabetic characters 
correspond to positive density differences, i.e.. an excess of electrons. Magnitudes 
of the density corresponding to each character are 0.00024 e/bohr^ for 5 or Q, 
0.00112 for 6 or R, 0.0056 for 7 or S, 0.0280 for 8 or T, and 0.1400 for 9 or U. 
Nodes occur in the middle of the dotted (. ,) contours. Some contours appear to be 
discontinuous in areas of steep changes in density because of the limited resolution. 
Intemuclear axes between bonded atoms are drawn by solid lines if the atoms 
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I'ig. .V I'lleclrun density in the 90 conformer of HSSH. 1'hc map covers S x S A and shows the 
difTerenoe in molecular and atomic densities in the S-S'H plane 


lie in the plane of calculation and by dashed lines otherwise. Density maps of the 
trans planar conformer of HSSH show no interesting differences from those for 
the as planar conformer, except for the flip at one end of the molecule. Conse- 
quently, in order to conserve journal space, only plots of the conformers with 
dihedral angles of O ' and 90'’ are included here. 

By mentally assembling the various slices through the molecule (Figs. 2-7). 
one ascertains that the regions occupied by the lone-pair electrons near each 
sulfur are roughly “C'-shaped. The plane of the “C' is perpendicular to the 
S--S-H plane at each end of the molecule with the top and bottom of the “C” 
above and below the sulfur nucleus. There is more electron density near the 
ends of the “C” than in the mid-section, which means that the lone-pair regions 
are intermediate between the directed valence implied by sp^ hybrid orbitals and 
a uniform, quasi-spherical distribution. Imagining that the “C" is hinged on 
the sulfur, one observes that the “C" is swiveled away from the other sulfur. This 
swiveling to behind the plane of Ftp. 5-7 means that the effective distance 
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spect to internal rotation, i.e., the two halves of Fig. 2 are subtracted from the upper and lower 


halves of Fig. 3. The features to observe are at the ends of the molecule near each S- H moiety because 
the redistributions along the S- S bond are partially masked by the tails of the AO's centered on the 

nuclei which change position 


between the lone-pair clouds is increased relative to the situation in which the 
lone-pair regions are assumed to be pure Sp, or sp hybrid orbitals. Compen- 
sating for the build-up of density on the obtuse side of the S-S- H angle is a loss 
of electrons from the other sides of the sulfur atoms. In going from the 0^^ to the 
90 conformation, the pattern of charge redistribution is complex. The bottom 
half of Fig. 4 shows that in the plane perpendicular to the S-S-H group, the 
electrons are shifted from behind the plane of Figs. 5-7 to the side between the 
sulfurs. But in the plane of the S-S-H group, the electrons are shifted into the 
vicinity of the hydrogen (Fig. 7) and toward the ends of the S-S axis (top of 
Fig. 4). 
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I jj! S l icciroii density in the 0 conformcr of HSSH. The dilTcrencc in molecular and atomic 
densiiics IS computed in the plane passing through one sulfur perpendicularly to the S S bond. 
I tills, one S H bond axis lies slightly skew to this plane due to the S S H bond angle of ~9I.5 . The 

map covers 4 x 4 A 
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F'lg. 7. DifTerenoe in the electron density in the W conformer of HSSU minus that in the 0’ con- 
former. The density of Fig. 5 is subtracted from that in Fig. 6 


Fig. 8. Electron density in the 0" conformer of HSSH. The difference in molecular and atomic densi- 
ties is shown in the plane bisecting the S-S bond perpendicularly. The map covers 4 x 4 A 
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I ig Moftron density in ihe W conformcr of USSH. The arrangement is like that in Fig. 8 



Fig. 10. Uiflerence in the electron density in (he W confotmer of HSSH minus that in the 0“ 
conformer. The density of Fig. 8 is subtracted from that in Fig. 9 
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Relative to the overlapping, but unperturbed, constituent atomic densities, 
the accumulation of electrons in the S-H bonds is rather small and strongly 
polarized away from the center of the molecule. In this respect, the S-H bond is 
similar to the O-H bond density obtained from all-electron wave functions [10]. 
Twisting the molecule from 0-90“ increases the density near the hydrogens 
(Figs, 4 and 7). That the a electron peak is higher in the 90“ conformer is also 
apparent in Fig. 3 by the extra contour between sulfur and hydrogen. 

The EH MO's give no density accumulation along the S-S bond expected 
for a bonding (Figs. 2, 3, 8, 9). There does appear to be a bonding between the 
sulfurs as evidenced by the build-up of density between the sulfurs, but radially 
out from the S-S axis (Figs. 8 and 9). For instance, in the 90° conformer. there 
is a region of excess electrons (compared to the atomic densities) on the obtuse 
side of the dihedral angle. Comparison of the 90“ and 0° conformers (Fig. 10) 
shows a roughly four-fold rearrangement. Visually estimating the contour sizes 
leads one to believe that there is a slight net increase in electron density at the 
midpoint of the S-S bond in the 90“ conformer. 


Discusskm 

We begin this section by distilling from our population analysis results a 
qualitative, intuitive model for understanding the conformational preference of a 
disulfide moiety. Then this model will be refined on the basis of the more 
detailed description provided by the electron density maps. And. finally, our 
model will be discussed in relation to models proposed by other authors. 

The population analysis yielded the fact that the S-S overlap population is 
greatest when the dihedral angle is near 90". Thus, the S-S bond is strongest 
when the molecule is in its equilibrium conformation. However, we also saw that 
there are repulsive, antibonding interactions between the S 3p, AO's, which are 
highly occupied by the lone-pair electrons [1]. The S S overlap population 
peaks at 90° where these repulsions are diminished. In addition, the negative net 
atomic charge on the sulfurs is lessened in the 90° conformation. This implies 
that electrons have moved away from the sulfurs toward the substituents. 

The electron density maps show us exactly where the electrons arc distributed 
around the nuclear skeleton without arbitrary partitioning of the density among 
the atoms or bonds. We saw that the regions occupied by the lone-pair electrons 
are “C'-shaped. In the 90“ rotamer the effective distance between these regions 
is increased, and the interelectron repulsions are diminished. There also appears 
to be a slight increase in density halfway between the sulfurs as a result of 
twisting the dihedral angle from 0“ or 180° to 90“. This migration would 
correlate with the increase in overlap population. Rearrangement of charge 
close to each sulfur nucleus is complex and difficult to interpret. On the other 
hand, the clear increase in density close to the hydrogen nuclei in the 90" 
conformer suggests a corresponding decrease in charge near the sulfurs and a 
more stable environment for the electrons remaining in the lone-pair clouds. 

Various earlier models for understanding the conformational preference of 
disulfides are consistent with our calculations. Pauling [26, 27] proposed that 



148 


D. B. Boyd; 


the repulsion of unshared electron pairs on adjacent atoms determines the 
orientation of the substituents about the single bond between those atoms. He 
assumed that the unshared electron pairs of each sulfur occupy orbitals 
orthogonal to each S-S- H plane, such as a 3p, AO or an sp hybrid orbital. Of 
course, in EH MO calculations no assumptions about the hybridization of the 
orbitals occupied by the lone-pair electrons need be made. The electron density 
maps show precisely how the MO’s distribute the lone-pair electrons in 
“C"-shaped regions. The “C”-shaped clouds act effectively like 3p„ or sp orbitals 
in that repulsive interactions between -them are reduced at a dihedral angle 
of 9() . Another proposal for the conformational preference of disulfides is the 
hyperconjugation model [2]. In it, n bonding between the sulfurs is believed to 
he enhanced when the orbital of the unshared electron pair on one sulfur is in 
the same plane as the S -H bond of the other sulfur. Thus, in the 90'' conformer. 
resonance structures of the type H" S=S^-H become important. Essentially 
equivalent to this model is one based on a stabilizing back donation of the lone- 
pair electrons on one sulfur into the antibonding S-H tr* orbital at the other end 
of the molecule [28]. The consequences of hyperconjugation or back donation 
are that the S S bond is strengthened and the density near the hydrogens is 
increased in the 90 conformation. As we have seen, the EH (and ab initio) 
population analyses and the EH electron density maps support this view. 

Yet another model for molecules with lone-pair electrons on adjacent atoms 
has been expressed as the gauche effect [29-31]. Most such molecules adopt a 
conformation which allows the maximum number of gauche interactions 
between lone-pairs and/or polar bonds, although there are a few exceptions 
(c.g., FCHjOH) which must be explained by additional rules and effects [2^-32]. 
In order to rationalize the gauche effect [29 31], Wolfe et ai, employed Allen's 
repulsive-dominant, attractive-dominant scheme [33-35] for dissecting ab initio 
total energies [IS. 17], However, characterizations based on such dissections 
change depending on the basis set and on whether the molecular structure is 
allowed to relax in the transition state [36-39]. Hence this scheme does not 
seem to be a dependable approach to "understanding" rotational barriers. For 
convenience of counting gauche interactions, Wolfe et al., treated the lone-pair 
electrons us if they occupied sp^-like hybrid orbitals, although they emphasized 
that the computed potential energy curves for internal rotation in their example 
of FCH 2 OH [29] suggested a quasi-spherical distribution of lone-pair electrons 
on oxygen. Our electron density maps of HSSH show the lone-pair regions on 
either side of the S-S-H planes to have higher density than in the plane, but 
there is still an appreciable amount in the plane. In other words, our Endings 
indicate a small amount of directionality in the spatial distribution of the two 
electron pairs on a divalent atom. This result is consistent with ab initio electron 
density maps of HjS [40], computed potential energy curves for internal rotation 
in CH 3 OH [28,29], computed potential energy curves for hydrogen bonded 
systems of water [41], and electrostatic potential energy calculations of oxirane 
and thiirane [42]. Published [43] electron density maps of FCHjOH have not yet 
dealt with the question of whether a difference density map would show a directed 
valence around oxygen or a distribution which is quasi-spherical like the potential 
Held it produces [28. 29]. 
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In summary, we have seen that new insight into the origin of the preferred 
conformation of disulfides can be gained by the increasingly popular expedient 
of mapping the electron density of EH MO’s. Both published and unpublished 
investigations in our laboratories on a variety of phosphorus compounds, hydro- 
carbons, and other organic molecules have established that many chemically 
significant features of the electronic structures of molecules are displayed by 
plots of EH MO's. One may recall that EH MO's were the orbitals instrumental 
(even if not essential) in the development of the famous Woodward-Hoffmann 
rules [44]. Our spectral study [1] and the similarities of the trends in the 
ab initio and EH population analyses of HSSH encourage us to think that the 
EH density maps may also exhibit the important aspects of the electron redistri- 
bution, especially in our situation where comparable wave functions for different 
rotamers are being compared. Nevertheless, it should be kept in mind that some 
discrepancies between ab initio and EH electron density maps can be expected 
not only because of the semiempirical nature [13] and neglect of the core 
electrons [8,40] in the EH wave functions, but also because of the different 
basis sets. The ab initio wave functions for HSSH which have been computed 
[15-17], but not yet published in full form, were expanded over Gaussian-type 
functions, whereas the EH MO's are linear combinations of Slater-type orbitals. 
Even different ab initio wave functions can yield density maps which display a 
modest to high dependence on the size and type of basis set [8, 40, 45-48]. 
Nevertheless, the very fact that several ab initio wave functions are available for 
HSSH makes our presentation of the EH results all the more worthwhile, so 
that at least a visual comparison can be made once the ab initio elearon density 
maps are available. 

' Acknowledgements. Conversations with N. L. Allinger. W. A. Goddard. 111. R. HofTmann. W. N. 
I.ipscomb. and M. M. Marsh were helpful to the development of some of the ideas in this paper. 
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The prolonalion processes for eight threc-membered ring molecules have been investigated using 
the SCb LCAO MO method with Gaussian basis sets and the results are compared with those 
obtained at the first order approximation, i.e. the electrostatic approximation. The electrostatic 
results are linearly connected with the SCF ones and arc suflicient to get an ordering of the 
protonatinn energies in different chemical sites and to obtain reliable representations of the proton 
approaching paths. 

Kvy words: Protonation process Threc-membered ring 


In the present paper it will be shown to what extent it is pos.sible, in a 
given family of chemical compounds, to obtain from the wavcfunction of mole- 
cule A only the essential information about the protonation process: 

i.e. an ordering of the proton affinities (P.A.’s) along the family, and also more 
detailed information about the protonation paths and protonation sites. 

Such a possibility arises from a first order treatment of the perturbation in- 
duced by the proton on molecule A. At the first order the interaction energy is 
given, at every stage of the proton approach process, by the value of the 
electrostatic potential Pfr) ‘ of molecule A. calculated at the point r where the 
proton is located, The electrostatic potential, already introduced [1], depends 
only on the charge distribution of the unperturbed A molecule, and from its 
spatial maps one can get the minima, i.e. the geometry of AH ^ and the value of 
the protonation energy, and also the favoured paths leading to the minima, i.e. 
the protonation channels. 

Such a simple electrostatic picture is as valid as the first order treatment. 
It is evident that the relatively great perturbation produced by the proton 
cannot be sufficiently represented by its first order approximation: the V{r) 
values are very far from the true P.A.’s. A typical example is given by NHj; its 
experimental P.A. is about 200 kcal/molc, while the P(r) minimum, even with a 
good wavefunction, will hardly exc^ 100 kcal/molc [2]. 

‘ Here-after we shall call KH both the electrostatic potential and the interaction energy with 
0 T I point charge placed at position r. 
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Table I. SCF energies for neutral molecules and numerical values of protonation energies in diflerent 

approximations 


Molecule 


Neutral 
molecule 
SCF energy* 


Protonation 

site 


Protonation energy*’ 
AEiSCF) V dfiCpol) 


Cyclopropane 



116.46366 


C-C 


- 64.69 -15.13 - 28.484 



\/ 



(; 

/ 


Cyclopropene 

/ \ 
c - -c 

/ \ 

1 

1 

N 

S 

-115.26787 

Oxar.indinc 

- 168.09006 


- 62.239 -13.6 - 27.197 

- 76.930 -12.0 - 22.321 


-134.883 -4.3.3 - 66.58 
-164.82 -65.1 - 89.34 


O 


Oxirane 


C - C' 


/ \ 


-152 17.361 O 


-141.039 - 44.8 - 70.705 


N 


1 -Azirine 



-131.16796 N 


\,/ 

C 



Diaziridine. ri.s N N — 148.31973 N 

Diaziridine, traits / \ - 148.33048 N 


-163.787 -62.0 - 96.270 


-178.59 - 75.5 -101.27 
-174.94 - 66.8 - 91.15 


Aziridine 



-13Z39751 N 

C-C 


-186.58 - 76.9 -103.07 
- 56.522 -10.1 - 22.315 


==a.u. 


kcai/mole. 
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Kig. 1. Electrostatic potential energy map for the aziridine molecule in the plane perpendicular to the 
ring and containing the N-H nuclei. The energies arc expressed in kcal/mole 


Some eflects not included in the first order treatment give in fact contributions 
to the interaction energy of the same order as the electrostatk: one: polarization 
of the charge distribution of A and charge transfer to the proton. Other 
effects, such as exchange or overlap energy terms, which play an important role 
in other molecular interaction processes, give rise, in the present case, to contri- 
butions of lesser weight. Finally, the changes in geometry of A are surely 
important, but they depend extensively on the particular family ol molecules 
considered; other comments on this point will be made later. 

The main point is that effects like polarization, charge transfer and exchange, 
.'icem to be relatively constant at the F{r) minima in a given chemical family and 
that also their variations when the distance of H*’ from the molecule is 
changed are not too different in passing from a molecule to another (of the 
same family). 

The evi^noe of such empirical finding will be shown here by comparing 
the electrostatic potentials of some three-membered cyclic molecules (see Table 1) 
and the SCF protonation energies and protonation paths for the same mole- 
cules. 

In all cases a gaussian basis set [3] ((7s, 3p/3s) contracted to [2s, Ip/ls]) was 
employed. SCF calculations have been performed with the IBMOL programme. 
SCF wavefunctions employing either gaussian basis sets (GTO) or Slater-type 
orbitals (STO) have been previously calculated for all the neutral molecules here 
considered [4-27] as well as for some protonated species [11, 12, 28-30], The 
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energies obtained in the present calculations (reported in Table 1 for neutral 
species) range intermediately in accuraQ' among the above quoted results. 

For all the molecules of Table 1 the electrostatic potential V(r) was calcula- 
ted according to the procedure outlined in Ref. [31]. In every case the shape 
of F(r) is similar to that already found with STO wavefunctions [19, 20]. This is 
a gratifying finding, because it confirms once more that qualitative interpreta- 
tions of chemical behaviour relying on the electrostatic potential do not depend 
too heavily on the wavefunction employed. The shape is similar, but the absolute 
values are not the same. An example may sufllce: Fig. 1 reports the K(r) map 
for the a/iridinc molecule in a plane perpendicular to the ring and containing 
the N H nuclei, the same map is reported in Fig. 8 of Ref. [19] for the STO 
wavefunction. The outstanding features, the minima corresponding to the N lone 
pair and the C -C bent bond, are nearly in the same position, but the values are 
different ( - 92.6 kcal/mole and — 1 7.2 kcal/mole respectively, for the w.f. of 
Ref. [19]). A good linear relation between STO and gaussian values of the 
potential minima in the overall set of molecules was found. For the molecules 
here considered the most probable protonation sites correspond to the hetero- 
atom lone pairs and to the C C bonds of the rings, each of these sites being 
characterized by a minimum for the electrostatic potential in a neighbouring 
position of the outer molecular space. 

The SC'F wavefunctions of protonated species were calculated keeping the 
geometry of A unaltered and placing the additional proton at one of the 
potential minima. The effect of changes in geometry has bwn in this way comple- 
tely neglected. Some considerations must be made on this subject. It is well 
known that for almost all triutomic rings protonation is followed by ring 
opening and that in some cases different opening channels leading to different 
molecular reorganization processes are possible (see, e.g. Ref [30]). On the other 
hand a ring is a somewhat rigid structure, where deformations from the equi- 
librium position are not easy. A partial optimization of geometry for the 
loosest groups (e.g. — NH 2 ) was however performed (the results are not reported 
here), but the corresponding changes in protonation energy have been found to be 
unessential with respect to the main topic of this paper. In conclusion, the 
difference J£ = £(AH *^1 - £(A) cannot be considered as an approximation of 
the proton aifinity, which should be made at the true energy minimum, but can 
be considered to represent the interaction energy at the end of the primary pro- 
tonation process, which may be eventually followed by a molecular reorganiza- 
tion process. The values of d£ (Table 1) are compared in Fig 2 (curve a) with the 
corresponding F(r) values. A linear relationship is evident (the correlation value 
for regression line a is 0.985). The electrostatic potential seems to be sufficient 
to get a prediction of the ordering of the various protonation energies. 

As a second point in the present investigation it has been controlled 
how realistic is the First order description of the reaction channels. It is 
evident that the electrostatic approximation will be better at the former stages 
of the interaction process, when the proton is at large distances from the mole- 
cule A. Polarization, charge transfer and the other terms discarded in the first 
order treatment will have a different R-dependence with respect to the electro- 
static one. 
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I'lg 2. Comparison between l^(r) values in the minima and At.. Curve u correlation with At ub initio 
SCf-; curve b correlation with At electrostatic + polarizalioa The molecules considered and ihc 
protonation sites arc respectively: / a/iridinc (C-C); 2 cyclopropcnc (C'-C): J cyclopropcnc (C-C); 
4 cyclopropane (C— C); 5 oxa/iridine (O); ft oxiranc (0(; 7 l-a/irinc (N); K oxa/iridine (N); V traiis- 
diu/iridine IN); 10 m-diaziridine (N); II aziridinc IN) 


Figure 3 depicts the situation for the favoured (on electrostatic grounds) 
approaching path of the proton to the N lone pair of aziridine (practically a 
straight line passing across the minimum of Fig. I). Curve u gives the values of 
F(r), curve c the SCF value of the interaction energy. At great distances the 
interaction is practically only electrostatic. As long as the proton approaches, 
the non-electrostatic terms become gradually of more weight, but it is important 
to point out that the minimum of the SCF curve lies at a /{-value next to the 
electrostatic one (1.12 A and 1.20 A respectively). 

When an approaching path is investigated, care must be taken to ensure 
the right convergency behaviour as well as to have suflicient flexibility in the 
basis to describe correctly the charge transfer to the proton. Some control$ have 
been made, examining some characteristics of the wavefunction at large distances 
(populations, etc.) and repeating all the calculations without the constraint of 
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t ig .V "I'he favoured approaching path of the proton to the N lone-pair of aziridine. Curve a gives the 
elcctroslatic term, curve h gives the electrostatic + polarization term, curve c gives the SCF value of 

the interaction energy 


contraction on the three gaussian orbitals centered on the proton. The results are 
practically the same as those of Fig. 3 and are not reported here. 

For obvious reasons of space, other comparisons between electrostatic and 
SCF previsions are not reported, but one may state that the example given in 
Fig. 3 is typical insofar as it concerns both other protonation sites and less 
favoured reaction paths. 

A question concerning the practical application of simpliTied methods to 
calculate the energetics of the protonation process, may be posed at this point. 
Is it possible to add in a simple manner other terms to the first order ones and 
to improve the precision of the results? One of the first conceivable effects is the 
polarization one: it is the first in a logical sequence (the approaching proton is 
bare and produces a considerable field) and at the same time may be treated easily 
in a perturbative scheme. 

We have calculated this effect, to all the orders, simply repeating the SCF 
calculations with the constraint that no basis functions are placed on the 
proton. 

Some results are reported in Figs. 2 and 3. The straight line b of Fig. 2 shows 
that a linear relationship between V and the polarization is present. The 
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corresponding points relate the V{r) values at the minima to the values 
JEp„i = W'(AH-')-£(A) where is the SCF energy (with the proton 

placed at the V minimum) obtained with the above introduced constraint. 
•^Epoi gives altogether the electrostatic and polarization terms as approxima- 
ted by the minimal basis set employed in the present calculations. 

Curve h of Fig. 3 reports the electrostatic plus polarization energy variation 
for the considered trajectory. The polarization terms (difference between curve h 
and curve a) are decidedly lower than the charge transfer and others (difference 
between curve c and curve b) and. in addition, the minimum of curve h differs 
from the SCF one by practically the same amount as the electrostatic curve. (For 
a similar analysis on CNDO wavefunctioas see Ref [32]). 

Although the introduction of polarization, reduces the difference between 
approximate and SCF calculation, it does not improve the precision of the 
results substantially. 

In conclusion linear relationships among electrostatic, polarization, and 
other terms have been found, at least near the end of the primary protonation 
process. The minima along the reaction paths are given reasonably well by the 
electrostatic approximation which on the whole gives a representation of the 
proton interaction hypersurface suflicient to permit the V(r) maps to be viewed as 
a useful tool for qualitative comparisons on the proton reactivity in different 
sites of chemically related molecules. 
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By using the closed-shell SCF-MO method with the CNDO type approximation for all valence 
electron systems, the electronic structures of some Ag* -olefin complexes are investigated. The 
calculated values of —/IH increase with the increasing number of methyl groups on the double bond 
and this trend agrees with the experimental result. Also calculation reproduces many experimental 
results, such as the infrared, Raman, and ’’C NMR spectra. These experimental results are discussed 
on the basis of the calculated electronic structures of Ag* -olefin complexes. 

Key words . Ag * -olefin complexes 


I. Introductioa 

Many transition metal complexes catalyze certain reactions [1], such as 
isomerization, dimerization, polymerization, oxidation, hydrogenation of olefins 
and acetylenes. A number of organo-transition-metal complexes have been 
.synthesized and investigated using various methods [2J, because these complexes 
were interesting as models of the intermediates of such reactions. 

The Ag^ -olefin complex [3] is one of the well known organo-transition-metal 
complexes, and its thermodynamic and spectroscopic studies have been carried 
out; heretofore equilibrium constants of the formation [4- -7], enthalpies of 
formation [4, 6, 7], infrared [8, 9], Raman [9] and nuclear magnetic resonance 
(NMR) spectra [9-12] have been measured. 

Since Dewar proposed the two-way donor acceptor bond in the silver-olefin 
complexes, some theoretical studies have been carried out on the natures of 
coordination bond in such complexes; the perturbation method has been applied 
for the estimation of the stability of Ag^-olefin and Ag^ -aromatic compound 
complexes [8. 14-17] and molecular orbitals (MO) of Ag" -ethylene have been 
obtained by the extended Hiickel and ab initio MO methods [18, 19], However 
there seems to have been no reports of systematic MO calculations on a wries of 
Ag "-olefin complexes, and theoretical interpretations of the experimental 
results, such as the infrared, Raman and NMR etc., are rather scare. Thus, t c 
author will calculate the MO’s <rf six Ag" -olefin complexes by the semi-empincal 
SCF-MO method, and present some discussions on the experimental results 
from the obtained MO’s in this paper. 
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2. Cakolatioo and Geometry 

The SCF MO's are obtained by the CNDO type MO method, which has 
been applied to the MO calculations of Mn 04 , CrO*^ PdX^^ and PdX^^ 
(X = halogen) in a previous work [20], 

All valence orbitals including 4d-atomic orbitals of the silver atom are 
considered explicitly, The zero-dilTerential overlap approximation [21] is intro- 
duced into the Roothaan's SCF equation for tl^ closed shell molecules [22], 
Then the diagonal one-electron term H„ in the Fock matrix element is evaluated 
according to the formula of Yonezawa et al. [23] The off-diagonal one-electron 
term /f„ (r / .s) is calculated by the Wolfsberg-Hermholz approximation [24], 

( 1 )^ 

where the parameter k is taken as 0.55. The one-center Coulomb repulsion 
integrals of ligand atoms are obtained by the Pariser's approximation [25] and 
those of the silver atom are taken from the Oleari's report [26], The two-center 
( ’oulomb repulsion integrals are computed according to the Ohno’s formula [27], 
The single Slater tyjie orbital is used for all .s- and p-orbitals, and the double-C 
form is used only for the 4d-orbitals of the silver atom. The values of the orbital 
cxpttncnts ionization potentials /„ and one-center Coulomb repulsion inte- 
grals |rr(rr) arc given in Table 1. 

The core-repulsion energy is approximated by: 

on A on B 

t'nud""!! Z Z N,N,irr\ss). (2)^ 

A h r X 

' While the one-center exchange integrats arc included in the rormula of Yonezawa et at., the 
author neglects them m this calculation. 

^ For the notations used in these formulas, see Ref. [23] 


lablc I (Orbital c.xponciils (C,). valence state ionization potentials (/,) and one-center Coulomb 

repulsion integrals (rr\rr) 


Atom 

AO 

Cr 

C* 

l,(eV) 

(rr|rr)(cV) 

H 

1.V 

1.(K)(X)1311 


13.60 [33] 

12.85 [-33] 

C' 

2s 

1,5679 


21.07 

12.10 


2/- 

1..5679 


11.27 

10.93 

Ag 

44 

5.9830 [32J 

0.5535 [32] 

8.17 [24] 

13.87 [24] 



2.6130 

0.6701 




Ss 

2.1900 


7.07 

7.46 


5p 

2.1900 


3.30 

6.22 


* The 4d-atoink: orbital is represented by Basch et al. [32] as the linear combination of one 3d anc 
two 4d Slater orbitals. In this work, the contribution of 3d Slater orbital is neglected and tbi 
4d-atoinic orbital is represented as the linear combination of two 4d Slater orbitals. Therefort 
strictly specking, this 4d-atomic orbital is not normalized. However the contribution of the 34 Slatei 
orbital is negbgible small and the error induced by this approximation is very small, e.g., less that 
(12% in the case of the overlap integral between the silver atom and the carbon atom. 
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As the measure of the bond strength, the two atomic part of the total energy 
proposed by Pople et al. [22] is used and this term is expressed by Eq. (3), using 
the approximations described above. 

£ab= If 1 [2.0F„fl„-0.5P4(rr|ss)+(P„-\,)(P„-lV.)(rr|ss)]. (3)^ 

P f 

The distance between the silver atom and the center cS the double bond of the 
olefin is fixed at 239 A ^ according to the work of Mathews et al. [28]. The olefin 
moieties in these complexes are supposed to be nonplanar in analogy with 
Zeise’s salt [30], in which the four hydrogen atoms are pushed away from the 
platinum ion. However in this work, the assumption is made that the olefin 
moiety is planar and its bond lengths are the same as those of an uncomplexed 
olefin [29] due to the lack of information on the accurate configurations of these 
complexes. For the purpose of comparison, one nonplanar ethylene complex 
model has been calculated and its stability examined Hereafter, the planar and 
the nonplanar ethylene complexes are named [A] and [B], respectively. These 
coordinate frames are shown in Fig 1. 



Fig. 1. Coordinate frame of Ag* -olefin complex 


3. Results and Discussions 

Enthalpies of Formation. The calculated enthalpy of formation (d H) has been 
estimated from the difference between the total energy of the Ag^ -olefin complex 
and the sum of total energies of the silver (I) ion and of the olefin. The relative 
value of -d// to that of Ag* -ethylene [A] are shown in Table 2 together with 
the values of £A,-c(..rfinic, and £A,_c(.iiyiicv The calculated values of -d/f 
increase with increasing number of methyl groups, which is good agreement 
with the experimental trend'*. On the other hand the absolute values of 
^Ai-c(oieriiiic) decrease with the increasing number of methyl groups. This 
suggests that the enth-lpy of formation is decided not only by the interaction 

^ In Ag'^-cyclooctatetraene, the average Ag'-olefinic carbon and C=C double lengths are 
esumaled to be 2.49 A and 1.37 A, respectively [28]. From these values, the distance between ^silver 
atom and the center of the C=C double bond is evaluated to be 2.39 A, assuming thac the C-C double 
bond IS perpendicular to its coordination bond. 

* The calculated enthalpies of formation are compared not with the experimental values 
determined by the gas-chromatography technique [7] but with the ones estimated from ttam^ure- 
ments of the dissociation pressures of these complexes [4, 6], because the value determined 1^ the 
gas-chromatography should include the solvation energy of the olefin by the solvent m column 
packing of gas-chromatograph. 
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I'ablc 2. bnthalpics of formation (J/f) and £a.-c in Ag* -olefin 


Olefin 

-AH 

Calculated' 
(in cV) 

hxperimental'’ 
(m kcal/mol) 

^A| 

(in eV) 

F ^ 

(in cV) 

I'lhylenc (A) 

0.(X) 

0.00 

-4.57 


IHl 

004 


-4.64 

— 

Propylene 

0..W 

A029 

-4.55 

-1.10 

irun.s- 2-Hutene 

0 5,S 

1.814 - 

-4.44 

-1.05 

('iv-2-llulcnc 

0..S7 

1.950 

-4.45 

-1.04 

2-Mcchyl-2-butenr 

OHO 


-4.41 

-1.06 

2,t-|}imclhyl-2-butcne 

1.00 


- 4..t2 

-1.06 


‘ Iht relative value to the calculated value of -AH of Ag'-cthylcne complex [A], 
'■ Ihc relative value to the experimental value of —AH of AgBF 4 :C 2 H« (Ref. [4]). 
' flic average value of Iwo in Ihc olefin 

'' Tlve average value of all in the olefin. 


between the silver atom and the olefinic carbon atom but also by the interaction 
between the silver atom and the other parts of olefin, which is supported by the 
bonding interaction between the allylic carbon atom and the silver atom, as 
shown in Table 2. 

The calculated value of - AH and the absolute value of in the ethylene 
eomplex (B] arc larger than those in the complex [A], These facts suggest that 
the nonplanar model seems more likly for the structure of ethylene in the 
complex. 

Electron Distribution. The electron den.sitics on silver atoms are shown in 
Table .1, together with 7t-electron densities of uncomplcxed olefins and 
quantities of transfered electron AQ from the olefin. The calculated results agree 
well with this configuration, while, compared with Basch's results ((/■* 
in Ag ' -ethylene) [19], the 5s- and 5p-orbital electron densities obtained in 
this work seem to be too large. The 5s- and 5p-orbital electron densities and 
AQ increase with the increasing number of methyl groups, whereas the 4d-orbital 


lublc .t I'.lvctron populatiuns on silver atoms, quantities of the transfered electron (dQ)* and 
n-cicetron den.sitics of olefinic carbon atoms in uncomplcxed olefin IF,) 


blectron population on Ag AQ P, 

4d 5.V 5p 


tthylene [AJ 

9.985 

0.187 

0.110 

0.282 

1.000 


IBl 

9.985 

0 189 

0.1 11 

0.285 



Propylene 

9.985 

0.195 

0.122 

0.30J 

0.929" 

1.113 

rr<M.<-2-Buteiic 

9 985 

0.202 

0.1. TO 

0..TI7 

1.0.35 


r(.v-2-Butene 

9.985 

0.201 

0.1.TJ 

0.319 

1.041 


2-Methyl-2-butenc 

9 986 

0,206 

0.140 

0.331 

0.968’’ 

1.141 

2..t-Dimethyl-2-butene 

9.986 

0.210 

0.146 

0.341 

1.068 



* The decrease in the electrons of olefin by the coordination to the silver ion. 

*’ 1'he n-electron density of the olefinic carbon atom which contains more methyl groups than the 
other. 
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electron density remains almost constant. A methyl group is known to 
increase the it-electron density not only by -I effect but also by hyper- 
conjugation [34] and this seems to result in the increase of dQ and the electron 
density on the silver atom. 

In the ethylene complex [B], the 5s- and Sp-orbital electron densities and 
dQ are slightly larger than those of the complex [A]. These facts suggest that 
the nonplanality increases the n-electron donation from ethylene to 5s- and 
5p-atomic orbitals of the silver atom. 

Coordination of Olefin. The calculated bond orders of the coordination bonds 
and the decrease in the n-bond orders of olefins are shown in Table 4. Apparently, 
bond orders of the ir-donor bond (d, — n,s — n, and p, — it in Table 4) are much 
larger than those of the n-acceptor bond (</„ — it*, and p, — it*) in all complexes. 
Also as shown in Table 4, the decrease in the n-bond order by the n-donor bond, 
(d/\)„ is much larger than that by the n-acceptor bond, (d/^),. The largest 
contribution to the coordination bond is noticed in the interaction between the 
S.s-atomic orbital of the silver atom and n-MO of the olefin, and the next largest 


■le 4. The bond orders of the coordination borid in Ag^ -olefin complexes, and the changes in C=C jr-botK 
orders and £c-Hcirftaic, by the complex formation 


In 

Bond order of coordination bond 


MPA" 

dP.' 

hI 


7c>acccptor 

<r-donor 








p.-n* 

d,-n 

$-n 

p.-a 






(in cV) 

(in eV) 

(ineV) (ineV) (ineV) 

(in eV) 

(ineV) 

(ineV) 

(ineV) 

.lone fA] 

0.146 

0.0001 

0.088 

0.748 

0.522 

-0.122 

-0.003 

-0.125 

-0.19 

[B]* 

0.148 

0.001 

0.090 

0.751 

0.526 

-0,126 

-0.003 

-0.126 

-0.19 

pylene ■ 

0.132 

0.045 

0.092 

0.762 

0.524 

-0.133 

-0.001 

-0,1.34 

-0.18 

^-2-Butene 

0.124 

0.03.1 

0.094 

0.774 

0.530 

-0.130 

-0.007 

-0.137 

-0.18 

'-Butene 

0,120 

0.040 

0.094 

0.772 

0.530 

-0.130 

-0.008 

-0.138 

-0.19 

cthyl-2-butene 

0.110 

0.055 

0.0% 

0.780 

0.532 

-0.134 

-0.008 

-0.142 

-0,19 

)imethyl-2-butene 

0.102 

0.064 

0.0% 

0.786 

0.534 

-0.133 

-0.009 

-0.142 



lie decrease in the ii-bond order due to the a-electron donation of the olefin to the silver atom defined a.s follows 


' i 'eompitkcd ' f ' unceoipUitd 

here C,i^ is the coefficient of the p, orbital of the carbon atom 1 in MO i, and the C=^C double bond is former 
the carbon atom 1 and 2. 

ic decrease in the tt-bond order due to the d-electron acception of the olefin from the silver atom defined as follows 

(^£A'’(2!;c„,^C,,J -(2IC,.,..C„J 

' i ' csMipIvsad * I ' iuicfMapl«Xf4 

tcre is the coefficient of the orbital of the carbon atom 1 in MO i. 

x H = wlte™ fir-H reprcsenls the £** value of the olefinic C-H bond, 

the ethylene complex [B], ti-bond order iP.) is defined as follows: 

oec 

P. = 2XC,.,Ca,., 

i 

^erc is the coefTicient of 2py orbital of the carbon atom 1 io MO i. 
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t ig ?. I he relation hetweeii AH, and Av, / ethylene. 2 propylene, 3 rrr/n.s-2-butene, 4 ri.v-2-butene, 
^ 2 inethyl-2-hiilene, rt 2..Vdimelhyl-2-butene. a These values arc taken from Aglolefinlj: BF* in solid 
IKel (‘>|| h I his value is obtained from the measurement in solution (Ref. [91). c This value is taken 
Irom the incusiircmcnt for Ag’-C^fl^ (Ref. f3b|), therefore the points 1 and 6 may deviate from 

the line 


in that between the 5p-atomic orbital of the silver atom and the tt-MO of the 
olefin, f hese facts indicate that the coordination bond is mainly contributed by 
the ff-donor bond in which the olefin donates its w-electron to 5.v- and Sp-atomic 
orbitals of the silver atom. 

The coordination bond orders of the complex [ B] arc slightly larger than 
Iho.sc of the complex [A], resulting in the larger absolute value of £a»-c the 
complex fB|. Thus it is apparent that the interaction of ethylene with the silver 
atom in the complex [ D] is stronger than that in the complex [A]. 

The Electronic Structure of the Coordinated Olefin. The coordination of an 
olefin to a transitivin metal results in a shift of C=C double bond stretching 
vibration (v, , ) to a lower frequency from that in the uncomplexed olefin by 
50 7()cm ' for silver (I) [9] and about 150cm ' for platinum (II) [35]. A shift 
of V(. t l/lv’c <■) is proportional to the change in the C=C 7t-bond order {APJ, as 
shown in Fig. 2. This linear relationship between /Iv’c- e and AP^ suggests that 
the shift to a lower frequency of Ls mainly due to a decrease in the strength 
of the Tt-bond. The calculation also shows that the absolute values of 

f^-ii(uicfinic, decrease in the silver complex by ca. O.lSeV as shown in Table 4, 
which is in agreement with the experimentally observed shift to a lower frequency 
of the olefinic C - H bond stretching vibration [8]. 

The '^C NMR spectra of the cyclopentene atjd cyclohexene in aqueous silver 
nitrate solution reveal that the olefinic carbon resonances are shifted to higher 
fields, relative to those of uncomplexed cycloallcenes [ 1 3]. The most important 
term giving the shielding constant of resonance is due to the paramagnetic 
susceptibility. This term is calculated’ using the approximation formula 
proposed by Pople [36]. The obtained results are given in Table 5. The calculated 
olefinic carbon resonances are shifted to higher fields in Ag^ -olefin complexes. 

’ Thu calculation is carried out on the assumption that the average transition energy is 8 eV in 
all oleliiu; and Ag * -olefin complexes. 
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Unsaturated Carbon 

Olefin 

JS‘ 

(in ppm) 

^Aabi„'’ 

(in ppm) 

d5.' 

(in ppm) 

Ethylene [A] 

-(■4.0 

■f 110 

3-119 

[B] 

-1-3.7 

-(-110 

3-119 

Propylene* C 

-1-1.5 

3-11.9 

3-13.6 


+ 4.2 

-fl2.0 

3-13.5 

tran.s-2-Butene 

-(-5.8 

-(-11.9 

3-13.6 

fis-2-Butene 

-(-5.5 

-1-11.9 

3-13.6 

2-MethyI-2-butene* C‘ 

+ 5.4 

-(-11.7 

3-13.4 


+ 6.6 

-(-11.6 

3-13.4 

2,3-Dimethyl-2-butene 

+ 6.9 

3-11.2 

3-13.0 

Methyl Carbon 


Main contribution 


Oleftn 

(in ppm) 



Propylene 

-3.1 

(Caa)iz^ (Qab)» 


rran.s-2-Butene 

-2.1 

fQAA^rjr (QaaIsz (Qab)zz 


ris-2-Butene 

-12 

IQaaW (Qai)zz 


2-Methyl-2-butene* 

-0.1 

((2aa)„ 


C* 

-11 

(Qaa);/ (Qab)i< 


C” 

-1.4 

(Qaa);; (6aa)ii 


2,3-Dimethyl-2-butene 

-1.4 

(QaaIw (Qab)zi 



'■ The change in '^C NMR chemical shift due to the change in the £ ((?*»)„• 

Sl>A 

‘ The change in ''‘C NMR chemical shift due to the change in the term, 

" H’ H* * H,C» *CHj 

\ / \ / 

C‘ C'=C* 

/ \ / \ 

H,C‘ HjC* 

' For these terms, see Ref. ['36]. 


These shifts to higher Helds (d($) are attributable to the increase in which is 
due to the term of ^ shown in Table 5. Since the decrease in the 

7i-bond order is reflected in the increase in and since the decrease in the a-bond 
order is mainly due to the n-electron donation from oleHn as described before, 
the Ti-electron donation seems to be the main factor of these shifts to higher 
Helds. On the other hand, the calculation reveals the downHeld shifts for the 
“C resonances of the sp^ carbon atoms in these Ag"^ -oleHn complexes, and these 
results agree with the experimental results [13]. These downfleld shifts should 
be attributed not only to one term but also to two or three terms as shown in 
Table 5. 

*’ The increase in the oleflnic ‘^C resonance is mainly contributed by the term of «2 abI»: 
(QabIxjc ” “ ^^AyBy^AiB* 3" ^^AyBxf*AfBjF where A and B represent the olefinic carbon and the neigh- 
boring atotns, respectively. For the notations in the above formula, see Ref [36]. The values of AS, 
represents the change in NMR chemical shift due to the change in the value of AjBj' Since 
the f\<Bi is almost unchanged by the complex formation, d is mainly contributed by the change 

in ^,B, 
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Table 6 It - 

7 c* transition energies and energy differences between it- and 

tr'-MO’s 

1 )kfm 

Transition energy 


MO energy difference' 


Uncomplexed 

Complexed 

Uncomplexed 

Complexed 


tin cV) 

(in eV) 

(in eV) 

(in cV) 

llhvicne (A| 

8.«7 

9.19 

14.89 


|B) 


9.19 



f'ropyicne 

Tfi.S 

7.69 

1.T.4I 


/ran^-2-HulcnL■ 

6 78 

6.62 

12.35 

11.65 

< /s-2-llutcnc 

7,15 

7.09 

12.71 

12.15 

2-Melhyl-2-butciic 

6 6(1 

6.4.T 

12.10 

11.38 


■ MC ' i-iiiTny ilificrcncc bcturen n- and 


irunsitum llnergy. It is expected that the n — n* transition energy should be 
changed and that the charge transfer band should appear at the formation of the 
transition metal complex. Unfortunately in the cases of the Ag^ -olefin complexes, 
the electronic spectra have not been reported except the charge transfer band of 
Ag ' -cyclohcxene [8, .17], The n — n.* transition energies of olefins and Ag"^ -olefin 
complexes are calculated and shown in Table 6. While for ethylene and propylene 
the n- n* transition energies are increased by the complex formation, for the 
other olefins it is decreased by the complex formation as in the case of Basch's 
results on Ag * -ethylene’. It is yet unknown by an experiment whether the 
n - n* transition band shifts to a lower frequency or to a higher one. 

In Ag * -cyclohexene, the charge transfer band has been observed at 5.51 cV 
[8, .171. which has been considered to have the mixed character of the charge 
transfer from the olefin to the silver ion and the Rydberg transition in the olefin 
moiety [8]. The charge transfer band from tt-MO of ethylene to the 5.s-orbital 
of the silver ion is calculated as 8.25 eV in Ag’ -ethylene complex [A]. This 
result is reasonable, since the tt-MO energy of ethylene is lower than that of 
cyclohexcnc by ea. 1.5 eV. However more detail investigation of these transition 
energies will be curried out in the near future, since ;i - tt* transition bands in 
ethylene and propylene are increased by the complex formation, which is 
incompatible with the Basch’s result. 

Although there are a few unsolved problems about the transition energy, the 
calculated results in this work agree with the experimental results, such as the 
enthalpy of formation, infrared, Raman and NMR spectra. Thus, it is expected 
that this method can be satisfactorily applied in the MO calculations of other 
interesting organometal complexes. 

The calculations have been curried out by the FACOM 23U 60 Computer in the Data Processing 
Center at Kyoto University. 

The author is grateful to Prof. Hiroshi Kato for very grateful discussion. He wishes to thank 
Prof. Kimio Turama for his generous suppon to this work and also Dr. Hideyuki Koni.shi for his 
helping with the calculation. 

’ The MO energy difference between it and n* MO's of the olefm is decreased by the Ag ‘ -olefin 
complex formation. However the decreasing quantities are small in the cases of ethylene and 
propylene, since their n-MO's have the considerably low orbital energies compared with the other 
olefins. This may be one reason of the higher energy shift of the it -a* transition in Ag’ -ethylene 
and propylene complexes. 
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The iiKthod of linear combinations of generalized diatomic orbitals (LCGDO) is combined with 
the method of configuration interaction (Cl). Cl wave functions obtained in this way are nnally sub- 
mitted to a natural spin orbital analysis: the resulting natural spin orbitals are expansions in terms of 
generalized diatomic orbitals. 

For the ground state of Hj, a one-determinantal-approach with a single completely optimized 
one-electron basis function nearly reproduces the Hartree-Fock-result. The two-determinantal 
approach with two optimized basis functions of type a, and n, nearly gives the optimized double 
configuration SCF result. 

Key words: Natural spin orbitals - Generalized diatomic Orbitals LCDO- and LCGDO- 
methods. 


A. Introduction 


Generalized diatomic orbitals (GDOs) are the exact solutions of the one- 
particle Sebrddinger equation 


1 - 4 - 



(1) 


belonging to negative energy eigenvalues e. The solutions offl), which have been 
studied in three former papers [1—3], are chosen to be eigenfunctions of the 
component of angular momentum and will be denoted by 

X = (nly,:Z.,Z„Q) (2) 

where n and / are united-atom quantum numbers, 7 is an irreducible represen- 
tation of C*p (or if Zj = Zfc), and s is the sign of the eigenvalue mh of the z-com- 

ponent of angular momentum. 

Attempts to construct approximate solutions of the Schrodinger equation for 
diatomic molecules with several electrons in terms of antisymmetrized spin orbital 
products using orbitals of class (2) are very old. Hylleraas [4] suggest^, for the 
ground and excited states of Hj, the use of the following approximations: 


\xai\±Uai\ 
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with 

f ^ = |l.v<T,; 1,1,0). It, = \nly{D^,^); 0) . (4| 

As /f is an H/ -ground state function and Xz “denii”-H2 -function, this suggestion 
anticipates Mulliken's demi-H^ model [5], 

Hyllcraas, however, used highly truncated expansions for the “diatomic 
orbitals” /, and /i in his numerical calculations. These calculations were later 
improved by Wallis [6]. Cooley [7] finally performed complete configuration 
interaction calculations on Hj, using up to 6 basis functions of the general type 

y.k ~ ^*. 0 ) ( 5 ) 

each depending on a variational parameter Z* and being an exact solution of (1). 
Optimi/ing also the.se nonlinear parameters Z*, he found: The use of a relatively 
few diatomic orbitals (.“i) whose symmetry y^lD , *) permits the three major types of 
electron correlation gives approximately the same energy as the rank- and symme- 
try-equivalent truncated natural spin orbital expansion of very accurate H2 wave 
functions. 

We were able to reproduce C'ooley's results and concentrated on some ques- 
tions .such as; 

i) How can the results for the one- and two-dctcrminantal treatment of H2 
lx* impriived which arc inferior to the ones given by the LCAO-method? 

ii) Which basis is appropriate for the ground and excited states of HeH""? 

iii) Can diatomic molecules with more than two electrons be treated success- 
fully? 

This paper outlines the methods applied in all cases. Besides it gives the answer 
to question i), thus especially illustrating the use of symmetry-adapted linear 
combinations of gcnerali/.ed diatomic orbitals as one-electron basis functions. 


B. Method of Linear Combinations of Generalized Diatomic Orbitals 


In case of molecular symmetry a symmetry-adapted linear combination 
of two generalized diatomic orbitals LCGDO is defined as the sum or difference 


( 6 ) 

= N , {\nly{C . ,) ,• Z^ Z^ Q) ± \nly{C , ,) ; Z„ Z., Q)} 

where is a normalizing factor. Just as the generalized diatomic orbital (2), the 
linear combination (6) is a product of three functions depending on the spheroidal 
coordinates /i, v, ip respectively and behaves like a single basis function with regard 
to the computation of one- and two-clectron-integrals. 

The well-known most simple LCAO-approximation 

1 1 Off, ;Z. 0,0) 

= N{|l0ff;Z.0.0)-t-|10ff;0,Z,0)} 

for a ff,-typc molecular orbital in or H2 evidently is a special case of (6). 

In case of molecular symmetry C, we start from a set of generalized diatomic 
orbitals (2) as basis functions. Combining orthogonalized basis functions of type 
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(2) or (6) with spin factors a and p, a set of spin orbitals is generated. All linearly 
independent antisymmetrized products (Slater determinants) of these spin orbitals 
are then used within the frame of a full configuration interaction calculation. The 
final many-electron wave function obtained in this way is then submitted to a 
natural spin orbital analysis according to Lowdin's proposal The resulting 
natural spin orbitals are expansions in terms of generalized diatomic spin orbitals 
(2) or symmetry-adapted linear combinations of generalized diatomic spin 
orbitals (6). Evidently natural spin orbitals appear as linear combinations of 
generalized diatomic spin orbitals. They are classified according to theorems 
proved by Bingel and Kutzelnigg [9] which are generalizations of the IDelbriick- 
Roothaan-theorems [10] for Hartree-Fock-orbitals. All these operations are 
performed by means of two computer programs (Cl 1 1(C^„) and Cl 04 
which also optimize non-linear parameters Z|^, 0*. 

Further details on the computational steps may be taken from [11]. Some 
details on the calculation of two-electron integrals between LCDOs are contained 
in the Appendix. 


C. Ground State of H, in Single Configuration Approximation 

Four types of single configuration calculations have been performed for 
various values of the internuclear distance R and will now be compared with the 
SCF results obtained by Kolos and Roothaan [12], especially for the internuclear 
distance R = 1.4«o (Fig. 2 and Table 1). 

I. In an MO-DO type of calculation, we used a single diatomic orbital 
V’l = |1 SOT, ;Z,Z,0) [Eq. (5)] and optimized its effective charge Z, reproducing 
Cooley's result [7] for the special internuclear distance R= 1.4 Oo- 

II. In an MO-LCAO type of calculation, a a,-type linear combination rp,, of 
two atomic l.v-functions centred at the two nuclei was used [Eq. (7)]; again the 
single parameter Z was optimized. 


Table I. H 2 1 conliguralion a' 


I. MO-DO 



11. MO-I.CAO 

III, MO-LCDO 

R 




Z(0=0) 

^'l«! 


^,(Q = 0) -E^ 

0.6 

0.SO8 


0,72266 

1.449 

0.72455 

1..364 

0.132 0.72482 

Ell 

0.797 


0.97417 

1.370 

0.97560 

1.253 

0.211 0.97670 

1.0 

0.789 


1.07873 

1.301 

1.07993 

1.187 

0.243 1.08 1 89 

1.4 

0.779 


1.12647 

1.189 

1.12819 

1.103 

0.264 1.13132 

1 5 

0.777 


1.12389 

1.166 

1.12591 

1.088 

0,265 1,12921 

2.0 

0.778 


1.08223 

1.072 

1.08631 

1.025 

0.264 1.08988 

2.6 

0.795 


1.01709 

0.995 

1.02355 

0.971 

0.262 1,02681 

3.2 

0.821 


0.95950 

0,942 

0.96698 

0.934 

0.264 0.96978 

IV. MO-LCGDO 


1.4 

Z, = 0.793 


-0.196 

e = 0.513 


-£„ = 1.133 42 eVflo 

R = 

1.4 «o 


SCF [12] 



-£„= 1.133 63 eVuo 
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-1.126 -1 


^ MO-DO 


-1.128 -I 


I— MO-LCAO 


-1130 H 


-1.132 H 


SCF -H 
■ 1.134 -1 


MO-LCDO 


— MO-LCGDO 




r— MO- DO 


-1.U6 


-1.14* 


OK ■ 
-1.152 -* 


L— MO-LCAO 


-1.150 -I mO-LCDO 3 por. 


MO-LCQOO 




Hj 


R*1 4n 

I (irilund suite of 11^ ui equilibrium di.stancc. A eompurison of several single and double con- 
riguriition model ealculutions 


111. In an M()-LC'IX) type of calculation, the molecular orbital rr^ was approxi- 
mated by a linear combination of two diatomic orbitals, the charges of which 
were exchanged according to Hq. (6): 

Viii = |l'<^s;2,.Zfc,0> . (8) 

The two parameters Z„ and were optimized. 

IV. In an MO-LCGDO type of calculation, a linear combination of two gene- 
ralized diatomic orbitals was formed, the parameters Z„ and Z^ of which being 
exchanged according to Eq. (6): 

V’iv = |l'><T,;Z„Zfc,Q> . (9) 

The three parameters Z^ Z^ and Q were optimized. As the MO-LCDO method 
III (two variational parameters) contains methods I and II as special cases, it is 
superior to both of them (Fig. 1). The approximation ip„, (Eq. (8)) is able to reflect 
the polarization of the electron charge clouds centred at the protons. In an MO- 
LCAO-SCF treatment, atomic 2po-functions centred at the protons would have 
to be included in the basis to achieve this polarization effect. 

The MO-LCGDO method IV is per definitionem (three parameters) superior 
to the MO-LCDO method. Nevertheless it is surprising how closely the SCF 
value obtained by Kolos and Roothaan [12] is approached (Fig. 1). 

If the distance R is varied; the order of the results given by the four methods 

remains the sanne (Table 1). This may also be taken from Fig. Z in which the 

differences H -£scf of calculations - as compared with the self- 

consistent values £scf ~ shown for various values of R. 
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I'ig. 2. Ground state of Hj. Deviations of single configuration model calculations from Ilartrec-Foclc 

results 


D. Ground State of H, in Double Conflguradon Approximation 

A double configuration approximation based on two configurations and 
takes left-right correlation into account and ensures correct dissociation into 
two Is-hydrogen atoms when the internuclear distance R is increased. 

Four types of double configuration calculations have been performed for 
various values of the internuclear distance R and will now be compared with the 
optimized double configuration (ODC) result obtained by Das and Wahl [13], 
especially for /? = 1.4 Oq. (Fig. 1 and Table 2). 

I. In an MO-DO type of calculation, <t, and rr, were approximated by Isn, 
and 2p(r, [Eq. (5)], and the two effective nuclear charges for n, and were opti- 
mized. Cooley's result was again reproduced. 

II. In an MO-LCAO-double C type of calculation, <r, and <t, were approxi- 
mated by two functions of kind (7), and Z, (for and Z, (for trj were optimized. 
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Table 2. Hj 2 configurations o-J. 


I MO-DO 

ft 

Z(2p(Tj 

- 


11. MO-LCAO-double { 
Zia,) Zitr.) 


(15 

0X17 

1 VI 5 

0.4X770 


1.495 

1.314 

0.48906 

1 (1 

0 7% 

1 544 

1.09167 


1..50X 

1.249 

1.09371 

1 4 

0 7X6 

I..t5.t 

1.14.576 


1.201 

1.189 

1.14778 

1.5 

0 7V0 

1 .514 

1.14244 


1.179 

1.179 

1 14719 

2 0 

0 X0.1 

1.20.1 

1 10X65 


1.095 

1.120 

1.11773 

-TO 

0X77 

1 (15V 

1.05106 


1.012 

1.045 

1.04710 









Iflu 

MO-l.COO 2 pai 


111b. M0-l.CD0 5pai. 








2pa, 


« 




A 


Z 

-Eu., 

0.5 

1 47h 

0 027 0 4XSX4 

1.469 

0.059 

1.923 

0.49018 

10 

1 210 

0.210 1005 15 

1 .20X 

0.217 

1.552 

1.09571 

1 4 

1 Ml 

0 220 1 

,14997 

1.1.50 

0.227 

1.554 

1.15051 

1 5 

1 117 

02IX 1 

14V 45 

1 116 

0.224 

1.51V 

1.14974 

20 

1 062 

0.2(XI 1 

1 1970 

1 062 

0 204 

1.IK3 

1.11995 

U) 

1 IXW 

0 150 1 

047 74 

1 IX)7 

0.1 48 

1.04X 

1.04795 

IV M(M.C <iDO « 

^ 1.4 u„ 







/, ■■= 0 7‘M 

A 0 1% 

(;=^0 5l5(/r(ccii) 





2pn. 

1 .116 

A I..57I 

(Q 01 






Das and Wahl 1 n I I.^ik 1 . 1 5 175 


III. a) In a first MO-LCDO type of calculation, was approximated by the 

linear combination v’m [Eq. (8)1. it, was approximated by a linear combination 
llOff,; 0> of the same diatomic orbitals |I.s7t; Z„, Z^, 0) and Z^, Z„, 

0), the two effective charges of which were optimized. 

This procedure is equivalent to using these two diatomic orbitals as a one- 
electron basis for a full configuration interaction. 

b) In a second MO-LCDO type of calculation, rr, was approximated by v’m 
[Eq. (8)]. (T„ was approximated by an Hj -type diatomic orbital 2po, [Eq. (5)]. 
The three effective charges Z^, and Z{(tJ were optimized. 

IV. Finally, in an MO-LCGDO type of calculation, (t, was approximated by 
V^>,v [Eq. (9)], determined in the one-configuration approximation and frozen. 
<7, was approximated by Z,, 7^,0) [Eq. (6)]. The two parameters Z, and 
Z* of Oy were optimized. (Starting from a Coulson-type ground state one- 
configuration approximation [14], Callen [15] determined a o,-type orbital in 
quite a similar way.) 

As can be seen from Fig. I, each of the methods II, III, and IV is superior to 
any of the preceding ones. The MO-LCGDO result nearly equals the ODC-value 
obtained by Das and Wahl [13], 

Again the intemuclear distance was varied (Table 2). The differences between 
the four calculations and the optimized double configuration result Eqdc ate 
presented in Fig. 3. 
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I'ig. .1. Ground stute of Hj. Deviations of double configuration model calculations from optimized 

double configuration SCF results 


E. Appoidix: Traosfonnation Properties of Two-Electroa Two-Center integrals 

Be 

Z;(r)= T<^P<Xp(r) (»=1(1)N„J (10) 

p= 1 

a linear combination of Kbuc l^^sis functions Xp(r)- For the Cl calculation, all 
two-electron integrals between these linear combinations are required. 

Instead of transforming the set of two-electron integrals [XpX^lXrXJ into the 
required set, we proceed as follows ; 

According to Ruedenberg's ideas [16], all integrals between linear combi- 
nations are decoupled: 

[z:x;izixi]= 


(H) 



176 


K Hctfrich : Natural Spin Orbital Analysis. I. 


( 12 ) 

may be considered as an integral transform of the mixed density with the 
kernel [11], The integral transforms G'i\n) may be regarded as the 

elements of a second order tensor (L fixed). It transforms under a change of 
basis ( 10) described by the matrix C like 

Ci.(/t) = C^Ci(/i)C, (13) 

as the component of C/.(/t) is defined by 

GrUt) = i7Lif*y)xtir')X^i'")dy'. (14) 

So the transformation of a tensor of fourth order ™3y be replaced 

by the transformation (13) of the tensors which are only of order two. Only 
the tensors C),(/r) must be held in core to perform the integrations (11). 

■\ikn<mleJiimi‘ni. The <iu(h(ir highly iipprcciatcs flnancial support by the Deutsche Forschungs- 
genieiMsehalt covering compiiler lime used on (he TR 440 of Deutsches Recheitzentrum Darmstadt. 


References 

1 lielfrich.K . Hartmann. It Theoret ehim. Acta (BcrI.) 16, 263 (1970). 

2 Kchl.S, lielfrich.K . Hartmann, H. Theoret chim. Acta(Bcrl)2l. 44(1971). 

3 lielfrich.K : Theoret chim. Acta (Berl.) 21. .381 (1971). 

4, Hyllcraas.KA • /. I'hysik 71. 739(1931) 

3 Mulliken.R.S.. J Amer. chem. Soc. 91, 4615 (1969). 

6 Wallis. R.F..Hulhurt.H M.: J. chem. Physics22. 774(1954). 

7. Cooley.J.W : la) On the use of diatomic orbitals in the calculation of electronic wave functions of 
diatomic molecules AF.C Research and Development Report No. NYO 104 23, AEC Computing 
and Applied Mathematics Center, Courant Institute of Mathematical Sciences, New York Uni- 
versity. New York: l%2. (b) Hydrogen molecule wave functions in terms of diatomic orbitals, IBM 
Rcsc.irch Report RC-920, Thomas J. Watson Research Center. New York: 1%3. 

K. liiwdin.D.O.: Physic. Rev. 97, 1474(1955). 

9. Hingcl.W A., KutzcInigg.W.- Advances in quant. Chemistry, vol. 5. 201 (1969). 

Bingel.W.A . Theoret. chim. Acta (Berl.) 16, 319(1970). 

10 DcIbriick.M.; Proc. Roy. Six. (London) A 129, 686(1930). 

Roothaan.C C.J.: Rev. mod. Physics 23,69(1951). 

Roothaan.C.C.J : Rev. mixl. Physics 32, 179(1960). 

11. Helfnch.K.: Kntwicklung naturlicher .Spinorbitale kleiner zweiatomiger Molekiile nach verallge- 
meinerten Zweizentren-Funktionen, Habilitationsschrift Frankfurt 1971. 

12. K 0 I 0 S.W., Rivolhaan.C.C.J.: Rev. mod. Physics 32. 219(1960). 

13. Das, Cl . Wahl. A. C : J. chem. Physics 44, 87(1966). 

14. Coulson.C. A.: Proc. Cambridge Phil. Soc. 34. 204(1938). 

15. CalIen,F.' J. chem. Physics 23. 360(1955) 

16. Ruedenberg.K.: In Molecular orbitals in chemistry, physics, and biology, Lowdin, P., Pullmann, 
B (F,d,). p. 215. New York: Academic Press 1964. 


Priv. Doz. Dr. Klaus Helfrich 
Institut Tiir Theoretische Chemie der 
Universitat 

D-6000 Frankfurt a. M., Robert Mayer-Str. II 
Federal Republic of Germany 



Theoret. chim. Acta (Berl.) 30. 177—190 (1973) 
(£) by Springer-Verlag 1973 


Correlation Effects in the Neutral and Ionized 
Ground States of Acetylene* 

Anthony J. Duben** and Lionel Goodman 

School of Chemistry. Rutgers University. New Brunswick. New Jersey 08903 

H. Onder Pamuk*** and Oktay Sinanoglu 

Sterling Chemistry Laboratory. Yale University. New Haven. Connecticut 06520 
Received August 21. 1972/February 26. 1973 


Correlation energies were calculated by “Effective Pair Correlation Energy” (EPCE) and 
minimal basis set configuration interaction (Cl) methods for pairs of electrons in the occupied 
molecular orbitals for the (it*) neutral ground state, (a’) ground state of the positive ion. and 
(a* a,) ground state of the hypothetical negative ion of acetylene. 

The EPCE values allow detailed breakdown of the ionization potential and electron affinity 
(for the unstable negative ion). It is seen that the SCF values for the former can be modified by the 
EPCE values to give estimates close to the experimental quantity. 

The EPCE values are compared against the pair-wise correlation energies obtained by minimal basis 
set Cl and the percentages of the latter as compared to the former are interpreted by considering the 
form of the available excited configurations used in constructing the correlated functions. The MBSCI 
calculation accounts for only 20 .30% of the EPCE correlation energy. 

Key word-i: Pair correlation - Acetylene - Ionic States C'onfiguration interaction 


1. Introduction 

If an electron is added to or removed from a molecule, there is little doubt 
concerning the importance of the electron or hole to the stability of the 
molecule. To see how the energy of a molecule changes in detail upon 
electron loss or capture, it is necessary to analyze the effects of correlation and 
reorganization among all the electrons of the system. It is possible to estimate 
the correlation energy in the various shells of a molecule as well as the correla- 
tions between different shells (which may be as large as the intrashell energies) 
using recent work of two of the authors [1] in the theory of electron correlation 
[2-5]. 

Separate developments [6] have indicated the importance of a and n 
reorganization effects in the SCF wavefunctions a-electron systems. It is 
interesting to compare correlation and charge reorganization effects on the 
energetics of electron loss and capture. 

*Supported by National Scienoe Foundation Grant 31496X. 

**Premt address; Chemistry Department, St. Olaf College, Northffeld, Minnesota 55057. 
***Present address; Middle-Eastern Technical University Ankara, Turkey. 
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Such an analysis is carried out, in this paper, for the neutral ground state, 
(IJ (Jij), the lowest energy positive ion (r^) (nj), and the lowest energy negative 
ion (r.) of acetylene. The I configuration has identical occupancy for 

each species; the subscripts indicate that the tr electrons reorganize. The 
correlation energy is obtained by the semiempirical effective pair correlation 
energy (EPCE) [4,5] and ab initio minimal basis set configuration interaction 
methods. More sophisticated calculations using an extended basis set may 
substantially revise the results presented here for the ub initio calculations. This 
calculation, partially completed 5 years ago [7], is an initial attempt to explore 
the correlation contributions to ionized states of a simple unsaturated molecule 
by partitioning the correlation energy into Z, tt, and Z — n contributions. 
Recently accurate calculations on H^O and H20^ have been carried out by 
Meyer [8], and on the neutral ground state of acetylene by Moskowitz [8a]. An 
important goal of this paper is a critical comparison of the EPCE and Cl 
methods. 


2. Correlation (jiergies from the Effective Pair Correlation Energy Method 

In the EPCi; methixl, the total correlation energy of a molecule is ap- 
proximately given by 

£«rr= (1) 

* ^ 1 / • 1 

where n and m are the numbers of the molecular orbitals which arc occupied by 
the electrons with a and fi spins respectively; Ru “ the effective molecular pair 
correlation energy which is the sum of the x — fi and ot-a molecular pair 
correlation energies. 

The effective molecular pair correlation energies, in turn, are given in terms 
of the effective atomic pair correlation energies, and N,. the numbers 

of the electrons occupying the molecular orbitals k and /, and Q\,^, the 
partial gross atomic populations [9]: 

= 5 5 1 1 (Q'JN,) (QJN,) . (2) 

Summations over A and B are taken over atoms, and p and q are over atomic 
orbitals on each atom. Generally, a limited basis set containing H atom Is 
orbitals and first row atom Is, 2s, and 2p orbitals is used in EPCE calculations. 
The atomic EPCE terms used in these calculations are the set C of Ref. [5]. 

The total correlation energy of a molecule containing n electrons can be 
separated into three parts by properly summing over the molecular orbitals: 

= EU„ + + El,„ (3) 

where El^„'‘ and are the correlation energies coming from the a 
electrons only, interactions between the a and n electrons, and n electrons only, 
respectively. 

In the nonclosed shell many electron theory of the atomic systems, the 
total cmrelation energy is separated into three parts [3]: (i) tran^erable ail- 
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external correlation energy, (ii) nontransferable semi-internal correlation energy, 
(iii) nontransferable internal energy*. Molecules frequently are closed shell 
states. Therefore molecular correlation energy is expected to be mainly 
transferable. However the states of atoms in molecules can only be represented 
by taking the linear combination of their valence states instead of the ground 
states. Thus, if the molecular correlation energy is obtained from atomic 
correlation energies, part of the former will consist of nontransferable portions 
of atomic correlation energy introduced by the need to consider open-shell 
valence states for the atoms. It was assumed that internal and semi-internal 
correlation energies may be attributed to 2s -2s, and to 2s -2p pairs, 
respectively [5], 

Effective molecular pair correlation energies are given in Table 1. From this 
table, correlation energies between an electron in one of the inner orbitals 
(In, or 1(T„) and an electron in any other orbital are small corresponding to 
physical intuition that the innermost molecular orbitals originating in the C Is 
atomic orbitals do not interact signiHcantly with the molecular orbitals for the 
valence electrons. The physical intuition that the valence molecular orbitals 
should have significant interorbital, as well, as intro-orbital correlation energies 
is also maintained. 

The correlation energies among the molecular orbitals are collected into 
groups composed of a and n electrons alone, and into terms involving both 
types in Table 2. All-external, semi-internal and internal parts of each term are 
also given in the same table. The a term is largest as is to be expected from the 
number of the a electrons. The a~n term is also sizeable. Upon increasing the 
number of n electrons, both n and a-n terms increase because of the increased 
It population, whereas the a term decreases. The <r term decrease is apparently 
mainly due to the decrease in the internal and the semi-internal parts of the 
atomic correlation parameters arising from the decrease in £ 2 , and £ 2 , 2 ^ with the 
increasing population of 2p electrons [S]. The n term contains only all-external 
piarts because of the beginning hypothesis in obtaining the effective p>air correla- 
tion energies. The partitioning of the all-external correlation energies may be 
realistic, but that of the nontransferable piarts is subject to question. However 
these piarts are usually less than IS% of the total correlation energy. 

A breakdown of the terms entering the energetics of vertical ionization or 
vertical electron capture is given in Table 3. The terms are defined in Fig. 1 and 
in the subsequent piaragraph. The ionization energy is given by 

AE (total)""" = d£ (X)"^" -I- AE (reorg)"^" -I- AE (corr)"^" + (SCF)""" . (4) 

The first term in Eq. (4) is the “approximate” Koopmans’ Theorem [10] 
ionization energy where neither correlation nor reorganization effects are taken 

' “Internal correlation" is the term applied to the portion of the correlation which is described 
by configurations constructed by exciting two electrons from occupied orbitals to unoccupied 
orbitab while still remaining within the Hartree-Fock manifold of orbitals. “Semi-internal correla- 
tion" is described by configurations constructed by placing one excited electron in an orbital within 
the Hartree-Fock manifold and the other in an orbital outside the manifold (e.g. a 3s orbital for a 
first row atom). “External correlation” b described by configurations constructed by pbcing both 
excited electrons into orbitab outside the manifold. Transferable means that the value of the 
correlation energy b the same for diflerent states of a given configuration of that system. 
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Tabic I. fiffcctive molecular pair correlation energies* 



Neutral 

Cation 

Anion 

tn la. 

-0 614 

-0.613 

-0.614 

2-. 

- 0.054 

-0.058 

-0.051 

?a. 

- 0.044 

-0.047 

-0.042 

l(T„ 

- 0.614 

-0.613 

-0.614 

2a„ 

- 0.0.15 

-- 0.019 

- 0.032 

ttJ 

0.053 

-0.054 

-0.053 


-005.1 

-0.054 

-0.053 



— 

-0.053 


- 0.326 

- 0.435 

- 0.254 


0 429 

- 0.469 

-0.394 

Iff,, 

0.054 

- 0.058 

-0.051 


- 0.161 

- 0.402 

- 0..103 


O3H0 

- 0.423 

- 0.337 


().1S() 

- 0.423 

- 0.337 




- 0.337 

w,. u. 

0 477 

- 0.480 

- 0.476 

In. 

- 0044 

-0046 

-0.042 

2n. 

- 0.44S 

-0.460 

- 0.439 

n.' 

0.212 

- 0.249 

- 0.222 


-0.212 

-0.249 

-0.222 




- 0.222 

In., In, 

0.614 

- 0.611 

- 0.614 

2a, 

0.015 

- 0.0.19 

- 0.032 


■■ 0051 

- 0.054 

- 0.053 

K 

0 051 

- 0.054 

- 0.053 




- 0.053 

2n., 2n. 

- 0 m 

- 0.420 

-0.390 

n* 

- 0 222 

- 0.261 

-0.194 


■■ 0.222 

- 0.261 

-0.194 

n 



-0.194 

n,’ , n,* 

- 0 849 

- 0.849 

- 0.849 

n. 

■ 0.17X 

- 0.178 

- 0.378 




- 0.849 

It. , n. 

-- 0 849 


-0.849 




-0.378 


“All energies are in cV. 

'“Since iTj, = only those pairs satisfying k % I relation are given. 


into account. This has been computed to be 10.01 eV, about 1.4 eV lower than 
the experimental energy, using the minimal basis set SCF wavefunctions 
utilized in Table 1. An "exact” Koopmans’ Theorem would replace the ground 
state SCF wavefunction by its Hartree-Fock counterpart. The sum of 
and dflreorg)”"*^ is defined as J£(SCF)""' and includes the reorganization 
effect. 

This quantity is seen from Tabk 3 to be an additional 0.7 eV lower than the 
Koopmans' value, and hence 2.0 eV lower than the experimental quantity. 
Inclusion of the correlation terms should increase the ionization energy because 
of the decrease in correlation energy in going to the positive ion. In fact, the 
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Table 2. Correlation terms in acetylene* 


State 

Parts*’ 





Positive 

A 

-5.97 

-2.39 

-1.23 

- 9.59 

ion' 

S 

-0.43 

-0.68 

- 

- 1 11 


/ 

-0.62 

-0.05 


- 0.67 


T 

-7.02 

-3.12 

- 1.23 

- 11.37 

Neutral 

A 

-5.95 

-3.02 

-2.45 

- 11.42 


S 

-0.34 

-0.70 

— 

- 1.04 


/ 

-0.37 

-0.04 

- 

- 0.41 


T 

-6.66 

-3.76 

-Z45 

- 12.87 

Negative 

A 

-5.94 

-3.62 

-3.68 

- 13.24 

ion' 

S 

-0.21 

-0.65 

— 

- 0.86 


1 

-0.20 

-0.03 


- 0.23 


T 

- 6..35 

-4.30 

-3.68 

- I4..33 


* Energies are given in eV. 

Here A stands for "all-extcrnar, S stands for “scmi-inlemar, I stands for “internal” and 
'/'stands for “total". 

Calculated using the reorganized wave functions of Ref. [6]. 


Table 3. Energy terms involved in formation of acetylene ions* 


Term 


r 

n 

i-n 

Total 

-lEtcorrr”' 

b 

-0.36 

1.22 

0.64 

1,52 

.4£(reorgl"“' 

c 

-4.01 

-11.88 

-15.23 

- 0.66 

dftSC'Fr 

f 




- 4.12 

d^EtSCT)"" 

g 




0.67 


c 




- 10.01 

.1£(SCFr‘‘ 

c 




9.44 

d£(SCF + corr)* 





10.96 

4£(EXIT •' 

d 




11.40 

.4£ (corrF '* 

b 

0.31 

- 1.23 

- 0,54 

1.46 

.•1£ trcorgl" "* 

c 

3.56 

27.90 

-33.50 

2.04 

AE{Cf •' 

c 




9.14 

d£(SCrT“‘ 

c 




7.10 

d£(SCF + corrr '* 





5.64 

d£(SCFr 

e 




4.79 

£(HF)"(a6 initio) 

e 




-2091.20 

£( FI F)*( predicted) 





-2091.48 

EfHFT (predicted) 

f 




-2081.32 


* In eV. See Fig. 1 for deEinition of terms. Also d£(corr)'"'«= 

E (SCF)*-' = AE (SCFF - AE (SCFT, etc. 

* From Tab. 2. 

‘ From Ref. [6]. The values differ slightly from those given in Table 6 of Ref. [6] because 
V H„„ = 1.00 there, and 1.20 here. 

^ Dibeler.V.H., Reese,R.M.: J. Chem. Phys. 40, 2034 (1964). The zero point energy correction 
is neglected. 

* From Ref. [10]. 

' Calculated from E(). (7). 

* Calculated from Eq. (8). 
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I'i|j I I nert!> ielutionshi|«i in luni/ution. ” rc-rurs ti> Koopmans' theorem tict-, the 

enertty of the ioniyed state calculated frtim the ground state SCI' function, /•.'(true)" and t(true)' are 
tlie true energy of the ground and loni/cd states respectively. A .similar diagram holds for 

electron capture 


calculated decrease d£(corr)"~'‘^ is greater than the calculated reorganization 
energy term. (reorgr Thus the calculated correlation effects actually do 
account for most of the discrepancy between /lElSCF)"''' and dEfEXPl"^"- 
Besides correlation and reorganization effects, the degree of goodness of the 
restricted basis set SCF solutions with respect to exact Flartree-Fock solutions 
can be considered. This quantity, d^E(SCF)"'*' in Eq. (4), is 

J^E(SCFr^‘ = d£(SCFr- JE(SCFr= [EIHF)'- EISCF^] 

- [E(HF)*- £(SCF)"] . 

We know that 

ElHFr = Eltruef + JEIEXP)"^' - . (6) 

Since E(true)" = £(HFV + £;„p then 

£(HFr - £(HFr - dE(corr)"^' + dElEXP)"^" . (7) 

Eq. (7) allows “empirical" Hartrce-Fock positive ion energies to be obtained 
analogous to “empirical" Hartree-Fock ground state energies [13]. 
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£(HF)' is estimated to be — 2081.32eV using McLean and Yoshimine’s [11] 
Hartree-Fock energy for the acetylene neutral ground state. can be 

computed from the observed ionization energy, 

d^FfSCF)"^' = d£(EXP)"-*‘ - d£(SCF)"^' - d£(corr)""' . (8) 

Utilizing the quantities in Table 3 and the experimental ionization energy, 
d^ElSCF)"^' is calculated from Eq. (8) to be 0.44 eV. much less than either 
dF(SCF) or dE^fSCF) using the minimal basis set, optimized atomic exponent 
SCF functions. This means that for this type of function the ionized state of 
acetylene is described about as well as the ground state (referring to the 
Hartree-Fock functions as the standard of comparison), and also that in 
considering the ionization energy the correlation and reorganization effects are 
as important as extending the basis set to approach the Hartree-Fock limit. 

If the c superscripts in Eq. (4) are replac«l by a, then dEftotal)*"’” is the 
electron affinity. There is no analog to Koopmans* Theorem for electron 
affinities. Since the reorganization, d£(reorg)"^*, and correlation, dEfcorr)""", 
are additive, the first term in the negative ion version of Eq. (4) should not give 
good electron affinities. The calculated sum of the reorganization and correlation 
energies is - 3.S0 eV for acetylene, and the magnitude of the terms themselves 
exceed all measured molecular electron affinities. Although it is clear that 
neglect of reorganization and correlation eflects will lead to much too repulsive 
electron affinities, the final sum, d£(SCF)"*‘’-l-d£(corr)"'’‘’ is still very large 
predicting an unstable acetylene negative ion. 

The EPCE method can be used to estimate the Hartree-Fock energy of 
acetylene. The experimental binding energy of acetylene is 17.53 eV [5a]. Adding 
this quantity to the estimated energy for the separated atoms (found by adding 
together twice the sum of the Hartree-Fock energy of carbon — 1025.51 eV; the 
estimated correlation energy of carbon — 4.30cV [12] and the energy of 
hydrogen — 13.60 eV) estimates the total energy of acetylene. Subtracting the 
EPCE value for the correlation energy, — 12.87 eV gives the Hartree-Fock 
energy of acetylene, - 209 1 .48 eV. This is 0.28 eV lower than McLean and 
Yoshimine’s ah initio Hartree-Fock energy consistent with the suggestion that 
given a minimal basis set calculation, an experimentally determined binding 
energy, and the parameters of the EPCE method, one can predict a good guess 
for the Hartree-Fock energy [13]. 

3. Correlation Energies from Minimal Basis Set Configuration 

Minimal basis set configuration interaction calculations were performed 
based on the SCF orbitals [6]^. In the following discussion, the term “un- 
reorganized” refers to wavefunctions constructed from molecular orbitals 
determined for the neutral ground state molecule. “Reorganized” wavefunctions 
have both the linear coefficients which weight the basis functions and the 
exponents of the basis functions optimized for the ionized states. 

^ ( = 1.0 for H Is AO in these calculations rather than C = 1.2 reported for the fully optimized 
functions in Ref. [6], Comparison of integrals for the two sets of functions shows that only a slight 
error is incurred. 
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The quantities obtained from this calculation are listed in Table 4. The 
orbital combinations on the left side of the table indicate the particular orbital 
combinations from which electrons were excited in constructing excited con- 
figurations. A total of 108 configurations composed of all possible single and 
double excitations, were constructed for the neutral ground state and were 
treated all at once. 

For the anion and the cation 300 - 400 configurations can be constructed 
because for a particular hole-particle combination there are three or five 
configurations from the satisfaction of spin statistics in the ions, where one or 
two configurations in the ground state suflicc. Due to the size of the program, 
it is necessary to calculate the configuration interaction serially for the ions. The 
criterion by which configurations are selected or rejected is based on energy 
contributions of each configuration to the eigenvalue calculated. In particular, if 
V is the C’l wavefunction and /I, the /'*' SCF configuration in 

(9) 

i -i 

then, 

F I + 2c, <•,//„+ y 

1-2 j*r*i 

If the magnitude of either — (the diagonal contribution), or 

2<'i‘'iff ii + X‘'iC;Wij (ibe ofT-diagonal contribution) is greater than 10“* Hartrees, 

J 

the term is kept to be used in the final calculation for the species. According to 
this criterion, lUO configurations survived for the positive ion, and 109 con- 
figurations for the negative ion. (Four additional configurations are kept for the 
negative ion since they were the only ones which attempt to describe the 
71^ 7t” correlation). The 100 and 113 configurations were obtained for both the 
reorganized and unreorganized wavefunctions^ so that an analysis of the 
reorganization t\s the correlation problem could be made. 

The correlation energies given in Table 4 arc pair-wise correlation energies 
corresponding to the pair-wise correlation energies in Table 1 so that the 
entries in both tables can be compared in a direct manner. 

n Correlation. The partitioning technique allows determination of the 
correlation energy of pairs of electrons and assignment to each configuration a 
partial energy lowering due to its presence. Each excited configuration, is 
constructed by replacing one or two of the occupied orbitals in the SCF con- 
figuration with one or two virtual orbitals. Hie correlation between two 
electrons in the n* molecular orbital (denoted by in Table 4) is described 
by all configurations in which the orbitals of the SCF determinant are 
replaced by virtual orbitals and the correlation energy associated with the two 

' The SCF energies calculated for the neutral ground state and the unicorganized molecular 
orbital calculations on the cation and anion are 0.06 eV higher than the values reported in Ref. [6). 
The SCF energies reported for the reorganized molecular orbital calculations on the cation and 
anion are 0..17 eV and O.I2eV. respectively, mote positive than the values in Ref. [6]. We ascribe the 
discrepancy to accumulated round-off errors in the calculation of the two-electron integrals over 
molecular orbitals from those over atomic basil Auctions due to transferring of integrals over the 
basis set and the coeflicients in the molecular orbitals from print-oul to cards. 
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Table 4. Types of correlations and their contributions to the correlation energy 

Correia- Neutral Cation Cation Anion Anion 

tions* (reorg) (unreorg) (reorg) (unieorg) 


K + 71.' 
n* K, 

Total Jt 

71* <T, 

Jtia. 

nla. 

It', a, 

71. Iff, 

Total ff - 7t 

(3ff,)* 

3ff! ff. 

3ff J ff, 

3ff, Iff. 
3ff,lff, 

(2ff.)* 

2ff.2ff, 

2ff.Iff. 

2ff,lff, 

(2ff,)* 

2ff,lff, 

2ff,1ff, 

(Iff.)* 

Iff. Iff, 

(Iff,)* 

3ff, 

2a, 

Iff. 

Iff, 

Total ff 
Total £(corr) 
/•(SCF) 
£(CI) 

.•IE (SCF) 
,<(£(C1) 

AE (reorg) 
.1£(corr)adj. 
".,£(1) 
"iiFli'Tt) 
".,£(tt) 

% £(corr) 


- 5.530 E-1 

- 3.54 E- 1 

0.0 

- 1.812E-0 

- 8.30 E-2 

- 4.25 E-2 

- 1.35 E-1 

- 1.52 E-4 

- 1.01 E-3 
1.045E-0 
1.70 E-1 

- 1.84 E 1 

- 1.15E 1 

- 1.54 E-4 

- 6.05 F. 4 

- 1.88 E -1 

- 3.86 E -2 
3.55 E 4 

- 5.90 E 4 

- 3.64 E-1 

- 7.00 E 4 
7.20 E-4 

- 3.59 F. 3 

- 1.05 E-3 

- 3.48 E-3 

- 8.65 E 3 

- 1.43 E-2 
6.86 E 3 

- .3..38E 5 

- 5.75 E- 7 
I.472F.-0 

- 4.33 E -0 
-2085.54 
-2089.86 


22.1 

73.9 

27.8 

33.6 


- 6.20 E-1 

- 167 E-1 
0.0 

- 1.208B4) 

- 7.48 E-2 

- 3.78 E-2 

- 1.20 E-1 

- 1.37 E-t 

- 9.94 E-4 

- 9.36 E-1 

- 1.62 E-1 

- 2.08 E I 

- 7.95 E 2 
1.59 E-4 

- 6.65 E 3 

- 1.84 E-1 

- 3.60 F. 2 
3.69 E 4 

- 5.85 E 4 

- 4.14 El 

- 5.55 E 4 

- 5.50 E-4 

- 3.70 E 3 

- 9.25 E4 

- 3.59 E-3 

- 1.97 E -2 

- 3.85 E 2 

- 1.59 E 2 

- 1.32 E 4 
0.0 

- 1.575E-0 

- 3.72 E -0 
-2075.41 
-2079.14 

10.12 

10.72 

- 6,10 E 1 

22.4 

98.1 

30,0 

317 


- 5.88 E-1 

- 135 E-1 
0.0 

- 1.058E-0 

- 7.91 E-2 

- 3.30 E-2 

- 9.86 E-2 

- 1.08 E-4 

- 8.10 E-4 

- 8.46 E I 

- 1.63 E-1 
1.84 El 
I.ISE I 
1.15E4 

- 6.15 E 4 

- 1.75 E-1 

- 4.35 E 2 

- 3.64E 4 
5.60 E 4 

- 3.59 E I 

- 5.75 E 4 

- 5 05 E -3 

- 3.46 E-3 

- 9.00 F. 4 

- .3.34 E 3 

- 1.29 E-1 

- 1.50E-I 

- 1.15 E 2 

- 1.01 E4 
0.0 

-• 1.975E4) 

- 3.88 E-0 
-2074.82 

- 2078,71 

10,72 

11.16 

3.27 E-0 


28.8 


- 4.95 E-1 

- 1.98 E-1 

- 9.92 E-6 

- 8.93 E l 

- 6.16 E- 2 

- 2.73 E-2 

- 8.78 E-2 

- 7.21 E -5 

- 5.98 E 4 

- 7.10 E 1 

- 1.97 El 

- 1.72 E- 1 
1.46 E-1 

- 1.12E4 

- 5.00 E4 

- 1.96 E-1 

- 4.15 E 2 

- 3.33 E 4 

- 5.40 E 4 

- 3.40 E I 

- 7.10 E 4 

- 6.35 E 4 

- 3.51 E-3 

- 1.12 E-3 

- 3.43 E -3 

- 1.00 E 2 

- .5.65 E-2 

- 1.31 E 2 

- 2.45 E 4 

- 7.60 E-5 

- 1.624r;-0 

- .3.23 F.-O 
-2079.22 
-2082.46 

6.31 

7.40 

207 K O 

25.6 

24.3 

16.5 

22.5 


- 5.66 E- 1 

- 2.32 E 1 

- 3.16E-8 
1.029E-0 

- 6.06 E 2 

- 3.28 E-2 

- 1.09 E-1 

- 7.36 E 5 

- 8.15 E-4 

- 8.14 E I 

- 1.51 E-1 

- 1.48 E-1 

- 1.19 U-1 

- 9,05 E-5 

- 5.15 E4 

- 1.72 E 1 

- 3.31 E-2 

- 3.27 E 4 

- 5.55 E 4 

- 3,70 E- 1 

- 7.35 E-4 

- 6.55 E-4 

- 3.73 E 3 

- 1.17E-3 

- .3.65 E 3 

- 3,27 El 

- 2.57 E 1 

- 2.14 E 2 

- 7.20 E-4 

- 2.57 E 4 

- 2.522E-0 

- 4.36 E 0 
-2077.16 
-2081.54 

8.38 

8.33 

- 2 29 E 0 


16.0 


• The contributions are in eV. They are written in E-format, e.g. 1.2.3 £ — 5 = 1.23 x 10 *. 
^ The difference £ (SCF)* - - £ (SCF)". 

‘ The difference £ (Cir * - £ (SCFT. 

The difference £ (SCF)*'" (reorganized) — £ (SCF)' *(unreorganized). 

• The dilferetioe £ (corr)'-' (unreorganized) — £ (reorg)*’*. 

' Calculated with respect to the quantities in Tab. 2. 

• The notation lists only the holes, e.g. (n,^)* represents the sum of the effects of all configurations 
of the correct symmetry, spin, and angular momentum eigenvalues constructed hy the excitation 
(».*)*-►. 



A. J. Duben el ai: 
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electrons in the n* orbital is the sum of the partial energy contributions of all 
those configurations in which orbitals have been replaced in pairs, since 
configurations which are formed by replacing, orbitals a and h in the SCF 
determinant describe the correlation between electrons in these orbitals. 

In the n~ hole state, the fact that we have fewer electrons correlating 
helps explain why the contribution is less for the cation than for the neutral 
molecule. In the case of the anion, configurations constructed to describe 
correlating electrons in the n* n„ molecular orbital pair possess two electrons in 
the n* orbital. The presence of the two electrons in the n, orbital destabilizes 
the configurations. The destabilizing influence of this pair is evidenced by the 
presence of small coefficients for these conflgurations as compared to similar 
coefficients for conflgurations of the same hole-particle designation in the cation 
and neutral molecule calculations where the configurations do not have two 
electrons in the orbital. In this manner, the partitioned energy for this hole 
pair in the anion will be reduced. The minimal basis set does not allow the 
construction of additional configurations to alleviate the effects of the pair of 
electrons in the orbital. In an extended basis set calculation, compensation 
for this pair of electrons should be possible*. 

I - II Correhtiims. The argument used in the case of n~ correlation for 
the anion is probably also valid in explaining the small an^ correlation energy 
coniributiuns in that species, f urther there is no way to obtain correlation 
energies in the anion since the minimal basis set does not leave any virtual 
orbital which can be used and preserve the symmetry*. 

X Correlation. Despite having essentially the same sort of hole-particle 
combinations to describe X correlation in the neutral ground state and in the 
ion.s. more configurations arc available for a particular hole-particle combination 
in the ions than in the neutral ground state. The increased number of con- 
figurations (and, hence, increased flexibility) appear to be the means by which 
more X correlation is obtained for the ioas than for the neutral ground state. 

4. Reorganized vs. Unreorganized Descriptions 

The immediately noticeable difference between the reorganized and un- 
reorganized Cl calculations for an ion is in the contributions of the singly 
excited configurations. In the reorganized calculations, the single excitations 
should enter in by means of couplings with the doubly excited configurations, 
since by Brillouin's Theorem, the singly excited configurations, do not interact 
with the ground conflguration. Brillouin’s Theorem does not hold however, for 
the unreorganized wavefunclions; the unreorganized one-electron orbitals are 
not eigenfunctions of the Fock-operators for the (n-l- If and (n— l)-electron 

'* Another quantity which should be improved in an extended basis set calculation is the 
n' n, correlation in Ihc union. In the minimal basis set, we could only use hole-particle combinations 
of the form tt,* it," which were inadequate to the task. 

' Although there are fewer it electrons in the cation than in the neutral molecule, we obtain 
I - n correlation energies which are numerically close to the correlatiofl energies for the same 
hole pairs in the neutral molecule. In the neutral molecule, no matter which n - o electron pair is 
correlated, there is either a a, ^ or it," ^ pair present in the excited configuration. However, 
twi>-thirds of the cation conftguration lack this correlation which reduces destabilizing effects and 
encourages better convergence. 
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Table S. Singly excited configuration energy contributions' 


Species 

Type of Calc. 

£(SCF) 

“Singles" 

Cation 

Reorg. 

-2)75.56 

Cation 

Unreorg. 

-2075.40 

Anion 

Reorg. 

-2079.38 

Anion 

Unreorg. 

-2078.37 


' Energies in eV.; based on Table 3 

ions and direct coupling exists between the single excitations and the ground 
conhguration. 

The effect of the single excitations returns some of the electron density to 
regions close to the molecular framework which are removed from these 
regions by the dispersive double excitations [14], The effects of the single 
excitations using unreorganized wavefunctions show this effect plus the effects 
of reorganization [15]. Adding together the effects of the single excitations in 
Table 4 (see Table 5) for both the reorganized and unreorganized wavefunctions, 
gives a closer correspondence for the cation values than for the anion. Since 
this value is a guess to the energy of the configuration constructed from the 
first natural orbitals [16], then it would s^m that the first natural orbitals for 
the I system of the cation by either method would be very similar. They would 
be less similar for the anion. The cation has the advantage of being a relatively 
well-described bound state and the anion the disadvantage of being a not-too- 
well-dcscribcd nonbound state. Concerning the effects of single excitations on the 
77 system nothing much can be said except that they could be sizable given the 
significance of reorganization. 

In any event, the single excitations are important, even for the reorganized 
wavefunctions where they contribute 5 to 10% of the Z correlation energy**. 

5. Comparison of the EPCE and Minimal Basis Set Caleulatioos 

Comparison of Tables 1 and 4’ indicates that the minimal basis set pair 
correlation energies do not well approximate the EPCE pair correlation 
energies except for the 7t„ and pairs for which minima! basis set calculations 

" The minimal basis set calculation is useful as a guide to what should be done in an extended 
basis set configuration interaction calculation. Configurations such as single excitations in the 
tr system, and better treatment of the hole combinations in the tr system and in the 1 — II correlations 
are desirable. 

Secondly, only the valence electrons need be included. As mentioned earlier, le, and In, 
orbitals are practically carbon l.s orbitals It is necessary to include at least 35 configurations for He 
like ions and 45 configurations for Li like ions if it is desired to obtain over 90% of the total correlation 
energy [17]. Therefore \a, and Iff, orbitals may as well be deleted in more extensive calculations. 

'' The details of the atomic contributions in terms of internal, semi-internal, and external 
correlation are not significant to the total molecular correlation energy. However, incorrect con- 
clusions may be inferred with respect to what one may expect from ab initio calculations by 
separating i', /7, and 1 — 11 correlation energies from the total correlation energy and then further 
breaking down this partition into contributions due to external internal and semi-internal 
correlation. 
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are from 50- 100% of EPCE values. Why are these particular pairs singled-out 
for possession of large amounts of the possible pair correlation energies? 

In the description of correlation in the n. pairs, configurations which have 
the most significant effect are very lowlying ones which contain orbitals 
substituted for ir,. The effect exercised by these configurations is the introduction 
of left-right correlation to the ir electron system because of the nodal plane 
perpendicular to the molecular axis in the n, orbitals, a quite desirable feature. 
These configurations are probably sufliciently low-lying to account for a very 
substantial part of the pair correlation energy. 

The pair is unusual in being the only correlated electron pair among 
the (7 electrons to reproduce the EPCE method result to any large extent. What 
is unique about this pair as compared to other tr electron pairs? 

The Iffj and 1 <t, orbitals are primarily the inner shell C l.s orbitals, hence, 
(he small minimal basis set correlation energies [6] compared to the EPCE 
results for such pairs. 

I'he 3fTg bonding orbital is essentially the bonding orbital between the 
carbons and the hydrogens. The portion of the correlation energy 

predicted by the minimal basis set is ~ 1/3 the ECPE value. This is a significant 
portion, but it is not as large as one would like for a pair of valence electrons. 
The correlation which one is trying to describe is between two electrons which 
can be considered localizable in the C — H a bonds. In a minimal basis set 
calculation only the virtual orbitals of a symmetry can introduce the nodal 
behavior and liKulization that is necessary to modify the electron distribution 
as determined by the 3<r^ orbital. In an extended basis set calculation in which 
some n-type basis functions are present on the hydrogens, the density in the 
C - H bond region should be additionally modifiable. Thus, the poor agreement 
with the EPCE value is ascribed to the inability of the minimal basis set calcula- 
tion to modify the C - H bond to any large extent because of lack of Jt-type 
functions on the H atoms. 

Pairs of c electrons in which one of the orbitals, or both, is 2ff^ or 2(7^ contain 
at least one orbital in which there is a significant contribution from the valence 
atomic orbitals on the carbons. These molecular orbitals represent primarily 
the bonding region between the two carbons, although 2 (t„ contains appreciable 
H l.s. Unlike the 3 <t, case, the use of configurations in which 2 <t, and 2ff^ are 
replaced by is an effective way of dealing with correlation since these con- 
figurations deal effectively with the C — C bonding region. 

The (2cr pair is exceptional; a possible reason may be found in comparison 
of the and the (2(7,)^ pair correlations. For a pair of electrons in the 2<7„ 
orbital, some left-right correlation is present by the nodal behavior of the 
orbital. Excited configurations in which this orbital has been replaced by other 
functions of u symmetry serve merely to modify the details of the 2<7^ orbital. The 
effects of such configurations can be reasonably expected to be slowly con- 
vergent. The introduction of configurations involving g symmetry orbitals can 
modify the density in the C — C bonding region by the lack of node and by the 
high density probability of g type orbitals in this region. This should 
significantly modify the left-right correlation. There is however, only one 
possible configuration involving a g symmetry orbital, that with Ac^ replacing 
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in the pair. Compare the {2<r^^ correlation: there is only one slowly 
convergent conflguration, that constructed by replacing la^ by 4 <t^ The other 
configurations formed by the substitution of and will introduce left-right 
correlation into the distribution, and thus even at the minimal basis set 
level the (2<r^^ pair correlation can be highly effective. The effectiveness of the 
interaction of configurations in which has replaced 2 (t. or 2 (t, is also expected 
to depend on whether the node in perpendicular to the molecular axis will 
cause important modification of the probability density or not; according to the 
foregoing discussion, it should be much more important in the latter case than 
in the former. 

Moskowitz [8a], from an extended Gaussian basis set (EGBS) calculation, 
calculates as an upper limit for the neutral acetylene correlation energy, — 15.02 eV, 
significantly higher than the EPCE value in Table 2. This correction must contain 
some portion of the Hartree-Fock energy, since Moskowitz's SCF energy differs 
from the recently obtained HF energy [11] by 3.05 eV. By utilizing Moskowitz's 
EGBS estimate for the difference between the SCF and HF limit for Cj (1.22 cV), 
a revised EGBS correlation energy is - 15.02 + 3.05 — 1.22 = — 13.19 cV close to 
the EPCE value of - 12.87 eV. 

Compared to Cl calculations, the EPCE technique has the merit to reflect 
intuitions concerning molecular behavior using only atomic quantities as 
parameters in the molecular problem, a small computation time requirement, 
and apparent numerical reliability superior to minimal basis set Cl. 


6. Validity of i7-Electroa Approximation in Acetylene 

The entries in Table 4 are correlation energies for the hole (occupied MO 
spin-orbital) pairs given on the left. The particle (virtual, unoccupied MO 
spin-orbitals) pairs created in order to describe this correlation which conserve 
the number of a and n electrons can be considered to be proper configurations 
within the restrictions of the /7-electron approximation [18]. Those configurations 
which do not conserve the numbers of a and n electrons give the error inherent 
in the wavefunctions constructed in the /7-electron approximation in the same 
way that excited configurations give the error in the SCF method. These 
contributions to the hole pair correlation energies are nowhere larger than 
10~^eV. Apparently, then, acetylene in the neutral and charged states satisfles 
the conservation of electron type requirement of the /7-electron approximation. 

Acknowledgement. The authors thank the referee for carefully reading and criticizing the 
manuscript. 
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Different cases of the exchange interaction in the system (A -I- e + C*^) arc considered and corre- 
sponding expressions for this interaction are obtained. A suitable representation for the electron- 
atom interaction is also discussed. 

Keyworda: Exchange interaction Electron-atom interaction Negative ions 


1 . 

The main purpose of the present paper is to obtain the expressions for the 
exchange interaction between two atoms (A and C) with considerably different 
ioni 2 ation potentials I ^ = <xl/2 and Ic = yo/2 ' (ao > fo)- One-electron approxima- 
tion will be used for the wave function of the loosely bound valence electron of 
the atom C. We shall consider the case when the projection of the orbital angular 
momentum of this electron on the interatomic axis is equal to zero and the 
effective range q of the interaction V/^{r) between the electron and perturbing 
atom A is small compared with the interatomic distance R. 

The general expressions for the different cases of the exchange interaction 
are derived in Sections 2, 3, 4 and 5. In Section 6 the results of other works are 
discussed and in Section 7 we consider the suitable analytical representation 
for the potential Vj^{r). 

2 . 

Let Ic>l/R. Then the perturbing atom A is in the classically forbidden 
region (for the valence electron). We shall determine the energy level shift of the 
atom C caused by the exchange interaction between two atoms. The corresponding 
Schrddinger equations are 


(H=K: + £o)Vo = 0. £o=-/c; (iJ-Vc-yA + ^V^O. (1) 


Multiplying the first equation by (the wave functions are assumed to be real) 
and the second one by and integrating over the space (i with the boundary 
surface S we obtain (Green’s theorem is used) 


E-Eo 


if(V> vvo-V>o'^V)<fs+ 


( 2 ) 


' Atomic units are used. 



192 


h. A. Andreev: 


Taking (that is the entire space with the exception of the sphere volume 
of the radius q around the atom A) as O we obtain (tp ^ V’o J V’ ' tPo — 1 ) 

a 

E-Eo = ^j(H)VVo-Vo^V)ds. (3) 

In Q, *« 

V’„(lf + r)=:v-o(*)exp(y r cos0) = v>o(*)— Z (2/+ l)P,(cos0)i,(vr) (4) 

V 1^0 

where y^/2 = 1/P (here \/R is the first term of the expansion of I^); r and 

0 arc the coordinates of the electron with respect to the atom A (the polar axis 
is directed from A to C); i, (and further ki, j,, n,) are modified spherical Bessel 
functions multiplied by their arguments. The general form of the axially sym- 
metrical solution of the Schrodinger aquation is [1] 


V'(P-l-f) = i/’o(P) - X ^21+ l) P,(cosO)-(p,(r) (5) 

yr 1% 

where (p, is the solution of the corresponding radial equation. If Q^r<^R this 
function has the following form 

<Pt = a,i,(yr) + h,k,(yr) ( 6 ) 

At large r i/' must coincide with Then one obtains from (3) 

E-E„^-uiiR)- 1^(21 + \)h, /a,. (7) 

y I 


3. 

In deriving (7) we have used the tacit assumption that there was no bound 
state A with the energy -y^/2 (otherwise the corresponding coefficient U/ 
becomes zero). 

Con.sider now the following process 


When R -* x we have 


A -(-C+ =A-l-C. 


( 8 ) 


(-id -I- Va = £,v’,; (- id -I- Kc) vv = PcVc (9) 

where i/’a and v’, describe ionic and covalent states. 

The solution of the ordinary secular equation gives the following expression 
for the splitting between the adiabatic terms at the crossing point Rq of ionic 
(t/a = £,-(- K““) and covalent (14 = £,+ K") terms [U,(Ro) = UJRo), or 
/j- 1 /R (, ; fi^/2 is the electron affinity of atom A ; K™ = <n| ki | m> ; S«, = <a|c>] 

d£ = 2dl//(l-Si); dl/ = |Kc“S«-Kc*|. (10) 

By means of some simple transformations one can obtain 


V’. 


At 


- Pt(cosO) 


We put (when r^g) 


( 12 ) 
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and use (4) for ip^. Then 

/lC7t = 7i"|A^tp,(Jlo)|. (13) 

For the case L = 0 we have 

V.= y exp(-^r).r^e; AU = ■ (14) 

Note that B = 1 for the short-range (^-function) potential. 


4. 

Consider the case when the perturbing atom A is in the inner region of the 
atom C {l/R — Ic = k^/2>0). In fl, we take the unperturbed wave function in 
the following form 

V’o(* + r) = v’o(*) cos(/cr 0080) + Vi(B) sin(kr 0050 ) . ( 15 ) 

To obtain the perturbed wave function ^ we use the analogy of electron-atom 
scattering theory. We find a stationary solution which meets the definite demands 
of symmetry relatively to the substitution 0-*n — 0. Then one can obtain the 
following correspondence between the terms of v^o ^^nd ip (when p;gr4R) 

cos(kr-cos0)-^cos(kr-cos€f)+ — fH0)-cos{kr)- fi(&)-sm(kr), (16) 

sin(kr-cos0)->sin(krcos©)+ — /2"(0)cos(kr)-|- /,''(©) ■sin(/cr), (17) 

where fi and /j are real and imaginary parts of the scattering amplitude, 
and are symmetric and antysymmetric parts of f„. Expressing / through the 
scattering phases (0,) and using the formulas (16), (17), (IS) and (3) we obtain 

E-Eo= - y jv’5(l»)I(4/+ l)sin(202,) + v’f(«)I(41 + 3)sin(202,+ .)j. (18) 


5. 

Let there exist a quasi-stationary state when the electron with the orbital 
moment L is scattered by the atom A. Then one can establish (modifying the 
results of Ref. [1]) the following correspondence 


sin(2<5J-*sin(202) + 


rcos(202) 


^iil fc + Co + 



(19) 


where f is the width, £, = k^/2 is the resonance energy, ^2 the “potential” 
scattering phase, Eo^E„ — 1/R. Thus the function E(R) has a pole (as in the case 
considered in the Sections 2 and 3). This pole corresponds to the pseudo^ossing 
of the covalent term with the term of the ionic state which becomes stable at 
R<R,(R.^1/E,). 
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For the ionic state we use the wave function (see for example [2]) which is 
normalized to unity in Qg and has the following form at r^g 


y [sin <52 j^kr) + cos Sln^ihry] Ftofcos©) . 


( 20 ) 


The splitting of the adiabatic terms at the curve crossing point is given by 

(10), (11) 

'is even 
. is odd 


AI, 1/ or . nr/t i co, jlV’of^fo)!' ‘f ^ is 


( 21 ) 


6 . 

Wc have obtained all the results using the assumptions that g^iR and that 
the functions ■/ and k were the slowly varying functions in the interval (R—g, 
R + g), that is 2 

^’--2 «min(l,xt>) (22) 

X A 

where x stands for y or k. Note if xg > 1 then the condition (22) allows to use the 
quasi-classical description of i/’o If xg < 1 (and i/’o slowly varying function 
in then formulas (7) and (8) give the result of Ovchinnikova [3] 

E-Ea-2TtL,\{>l(R) (23) 

where L, is the scattering length. 

The particular cases of exchange interaction have been previously investigated 
by other authors. The result analogous to (7) has been obtained by Smirnov [4] 
who used the more rigid (than e R) assumption (R > //y, g) which is broken at 
large / and small y. Komarov [5] has investigated the splitting of the hydrogen 
atom terms at large distances (1/R -4^^/2, yo/2) in the 5-potential field. Formulas 
(14) and (10) give the exact expression (in the case of 5-potential) for A U. Smirnov 
[6] and Janev and Salin [7] have attempted to consider a more general (than 
in [5]) case. However their approach is incorrect and their results do not turn 
into the result of Komarov (see the formulas (20) and (21) from [7]). 


7. 

To determine the coefficients hja,, B, 5, in the equations above it is necessary 
to solve the Schrddinger equation with the concrete potential Vf\r). Following 
the ideas of Heilman [8, 9] one may suppose that behaves as - a/2r* at r > 

(a and are the polarizability and the characteristic size of the atom A) and as 
() T 

- — at r < (T is the electron kinetic energy density and n is the electron density 

r’n 

in A). The theory of Thomas-Fcrmi (TF) gives = ip{r), where <jo(r) is the TF 

rn 

potential for A. Thus ^^(r) has a strongly repulsive character at small r. 

Note that considering the elastic electron-inert atom scattering Holtsmark 
[10] and a number of other authors (sec the book [1 1]) took Va = - <p(r) at small r 
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(the approximation of static field). This potential is strongly attractive. Although 
the theory-experiment agreement was quite satisfactory at high energies (when 
Bom approximation is valid and the scattering parameters do not depend on 
sign of the interaction) there was considerable discrepancy at low energies. 
Besides there are bound states A~ in this attractive potential. This fact is in 
contradiction with the experimental results (see for example Ref. [12]) that there 
do not exist negative ions of inert gas atoms in their ground states. 

Let the potential Vf^{r) have the following form 

KA=-fl^/2r^ r>ro; Kx = oo, r^ro (24) 

which reproduces the main properties of the electron-atom interaction. (Solving 
the Schrodinger equation with the potential (24) numerically one can obtain the 
Ramsauer effect.) The Schrodinger equation with the potential has been 
considered in Ref. [13]. Supposing £ = 0 and demanding v^frg) = 0 we can obtain 
an exact expression for the scattering length L, and express L, through Tq 

L, = |/a ctg([/a/ro) ; ro = l/a/[Nn -I- arcctg(Z,./l/a)] (25) 


where TV is a number of bound states in the potential (24) and the condition of 
the existence of the bound state is J/a/ro > n. 

To obtain suitable analytical results we shall use (instead of from (24)) 
a modified potential which equals to zero if | V^\ < |£| and to 4- £ if | > |£|. 

Then g = (a/2|£|)‘^^. If there is only one bound state A” with L = 0 than using 
we obtain the following relations between a, Tq and p\ 


rn = 


lA 


A + 7t - arctg[A/(l + A)] 


L, = [/a clg^A - arctg-j-^j ; A = ^' 




(26) 


For the systeme e-// (a = 4.5; ^ = 0.236 [12]) one can obtain £, = 6.55. Varia- 
tional calculation with 1 1 56 parameters [14] gives £, = 5.96. 

For the coefficient B (14) we obtain 


B = e^-f(k) 


= | 2/(1 


+ A)^ -I- A^ j sin^ 


A(xo-x) 

Xq-X 


dx + 1 


1 - 1/2 


(27) 


Xo = ro)?'^^a”'^^; /(A) is given in Table 1. Note that gives the part of the 
electron density in the region r> g. For the ion H" we obtain B = 1.66; variational 
calculations give 1.63 and 1.68 [12]. 

Then the splitting between the ionic term (H"^ -I- H') and different covalent 
ones (H(l.s)-I- H(nO; n = 2, Ro= II U n = 3, Ro = 35.6 [15]) was calculated and 
compared with the variational calculation [15] (see Table 2 where id£„( are 
given in eV). 

Note that by averaging (18) over different places of the perturbing atom A 
one can obtain the shift of the spectral line of the perturbed atom C (compare 
with the result of Alekseev and Sobelman [16]). 

The author is indebted to Prof. E. E. Nikitin for the discussion of the present 
work. 
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Table 1 


;. 

/ 

0 

1 

0.25 

0.956 

(IS 

0.881 

0.75 

0.815 

1 

0.763 

1.25 

0.722 

1.5 

0.690 

1.75 

0.665 

2 

0.644 

2.25 

0.627 

2.5 

0.612 

3 

0.589 

.3.5 

0.571 

4 

0.558 


Tabic 2 

(n./l (2,0) (2,1) (3,0) (3.1) (3.2) 


W<.rl([l5) (1.333 0.407 4-91, o-3 6-40, o- 3 4-58, „-3 

I'rcseni work 0..3K1 0.461 5-83, „ 3 7-43, „-3 5-43n, -3 
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For a number of free radicals the results of non^empirical (ah imtio) and semi-empirical (INDO, 
DEPAC, CNDO/SP) calculations of the isotropic hyperfine coupling constants are compared. 

Key words: Radicals Spin-density distribution - Hyperfine coupling constants - Electron spin 
resonance 


In the la.st few years there has been considerable interest in semi'empirical 
calculations of the hyperfine coupling constants (hfc) in free radicals. Several 
methods have been suggested for this purpose. Here, for a number of free 
radicals the calculations of isotropic hfc were carried out by some of these 
methods using the same values of geometrical parameters. It allows the adequacy 
of various semi-empirical methods to be analysed on the basis of comparison 
with the results of experiment as well as available ah initio calculations. 

(I) . Ah initio UHF method [1-10] followed by annihilation of the contami- 
nating quartet spin state after energy minimization (UHF/AA method [2-7]) 
was used for most radicals presented in Table 1. 

(II) . INDO method [11] is a semi-empirical SCFLCAOMO one with 
special selection of the most adequate parameters reproducing the wave- 
functions obtained by a more sophisticated calculation of some simple “standard" 
molecules. By comparison with the results of ah initio consideration of more 
complex molecules it was demonstrated [12-16] that INDO may be a sufficiently 
effective approach to the problem of calculating the molecular properties. To 
our knowledge, nothing similar has been done in the case of free radicals. 

It is worth mentioning at this point that in the INDO calculations of hfc the 
spin populations of the AO's are taken to be equal to differences in the 
(X- and ^-electron populations 


Qftv 

-po 

• fiv ^ 

(1) 

occ 

OCQ 

pP - Y rf .rf 

(2) 


i I 


where cf^ arc the coefficients of the AO in the MO’s expressions (V'i" 
and *P^) obtained within the scope of the UHF method. 

(III). DEPAC method is also a semi-empirical SCF LCAO MO scheme [17]. 
In this method the spin populations are similarly defined with the help of 
Eqs. (1) and (2). However, as distinct from INDO, the MO’s 'Pl‘ and 'Ff are 
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Table 1. Iiotropic hyperfiae coupling cooiunti (in G) 


Radical 

(U 

ab initio 
(2) 

INDO 

(3) 

I CHj H 

- 18.0 

- 20.6 

C 

31.7 

43.1 

2. C’=CH H 


.34.6 

C 


287.4 

c 


7.0 

^ HC =CHj H 

- 1.3 

10.7 

(H-nS i II 

42.8 

33.8 

H 

62.4 

74.0 

C 

13<).3 

127.7 

c 

- 16.4 

- 14.9 

4. t„H, II 


18.7 

H 


6.7 

II 


3.7 

( 


149.7 

(• 


- 3.9 

(’ 


9.9 

( 


- 1.8 

5 C -N (■ 

33y 2 

149.4 

N 

62 

4.1 

ft IK'N H 

140.3 

148.9 

(■ 

74.4 

1.56.1 

N 

AM 

.3.1 

7 ll.CN 11 

84.8 

56.1 

C 

■ IX.7 

22.6 

N 

7 2 

8.2 

S. HCO H 

II2..5 

112 7 

(' 

148 4 

146.7 

() 

■ 1.0 

■ .5.2 

(.'HiC'O K 

4.9 

5.4 

(■ 

153.2 

128.2 

f 

39.9 

17.6 

C) 

- 9.4 

- .“i.X 

10 ICO I- 


326.2 

c 


199,6 

o 

- 

0.7 

II. CO, C 


170.2 

n 


5.5 

i:. NH, H 

22.3 

17.3 

N 

S.2 

12.9 

1.7. NHj* H 

I5.K 

21.2 

N 

14.8 

192 

14. HjNO H 

8.8 

12.9 

N 

11.2 

10,4 

O 

- 

10,9 

15. NOj N 


31,3 

O 


0.9 


DEPAC 

(4) 

IK 

71.5 
- 72.7 

- 23.1 
60.4 

(-) 23.0[3o] 

106.5 

31.6 

38.3 [31] 

252.6 

2813 

I<ir32] 

- 16,2 

7.2 


70.1 

87.3 

113.5 

107.8 
- 23.4 

13.4 
37.9 

73.5 
125.4 

- 14 

13.4 [30] 
37.0 [.30] 
65.9[3o] 
107.6[3|] 
I-) 8.6[}|] 

59.1 

42.8 

40.3 

17.6 

5.6 

5.5 

I7.4[.13J 
5.9 [33] 
1.9[.13] 

83.2 

143.4 

- 8.5 

1.2 


8.0 

10.5 


- 5,9 

- 1.1 


151.6 

191.8 

210,0 [34] 

12.4 

8.6 

( I 4.5 [.34] 

170.3 

147.7 

I375[3<] 

16.5.8 

140.7 

74.3 [35] 

I.S 

4.1 

6.51.35] 

III.5 

63.5 

921 [36] 

28,0 

- 6.6 


2.9 

8.5 

9.5 [36] 

151.2 

115.5 

I27.0[37J 

146,6 

1.38.6 

1.3 1.0 [37] 

- 3.2 

- 14.2 


62 6 

3.4 

5.1[38) 

101.8 

129.0 

125.51.38] 

6.6 

23,6 

47,5 [.38] 

- 1.5 

- 15.8 


262.2 

.344.8 

325.5[.391 

205.2 

179.8 

288.7 [39] 

- 0.8 

14,9 


165.0 

140.3 

166.7 [40] 

3.9 

15.7 

(-1 311 [40] 

105.9 

20.6 

(-1 23.9[41J 

6.8 

14,5 

10.3 [41] 

89.4 

2.3,8 

{-) 25.9 [42] 

36.7 

21,1 

19.5 [42] 

93.6 

15.1 

11.9 [4.3] 

22.0 

115 

11.9 [43] 

11.2 

28.4 

— 

29.3 

21.3 

54.8 [44] 

1.5 

12.7 

(-) 16.3 [44] 
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Table 1 (cooiioued) 


idical 

) 


ah initio 
(2) 

INDO 

(3) 

DEPAC 

(4) 

CNDO/SP 

(5) 

Expt 

(6) 

f 

H 

- 56.7 

- 30.4 

113.8 

- 40.6 



N 

U.6 

12.9 

6.1 

16.6 


7 OH 

H 

_ 41.4 

- 16.9 

148.9 

- 22.4 

(-) 229[45] 


O 

(-)34.l 

- 13.2 

- 14.4 

- 38.2 

- 

(. H,0 

H 


150.9 

183.0 

135.2 

[46] 

0 


- 249.7 

-23.3.5 

-398.0 


} HRO” 

H 

91.6 

87.7 

104.0 

74.5 

94.0 [47] 


B 

123.0 

212.2 

223.2 

191.9 

101.0 f47] 


O 

_ 4.1 

- 4.2 

- 1.0 

- 8.6 

- 


H 

- 17.2 

- 16.9 

42.3 

- 19.4 

1-1 16.5 [47] 


B 

13.6 

34.6 

- 42.1 

44.1 

25.0^47] 




336.5 

355.3 

288.2 

295.0 t.4«y 

. BFj 

F 


359.4 

403.5 

181.1 

190.0 \.4«\ 


spied as being those of the anion and cation with closed shells formed by 
ddition” or “subtraction” of one electron from the open electron shell of the 
rresponding free radical i.c. the spin populations of the radical AO s arc 
mpared to semi-differences in the electron populations of the anion and 


tion(DEPAC). 

With the use of this method the proton hfc in benzyl allyl and some other 
mjugated radicals have been calculated within the framework of Ti-electron 
jproach [17, 18], For the former the para/ortho ratio greater than unity was 
adily reproduced with its standard geometry while a more refined con- 
deration proved to be necessary in the usual open-shell methods (cf. INDO 
18-201). Another example is the HCO ex-radical for which the all-valence- 
lectron DEPAC method led to a satisfactory quantitative description of the 
arbon and hydrogen isotropic constants as well as principal components of the 


nisotropic hyperfme interaction [211. 

Nevertheless it seems to be desirable to carry out systematic calculations of 
various free radicals by the DEPAC method in order to feel sure that this 
approach is either effective or unfit. DEPAC values of the isotropic hyperfme 
coupling constants are summarized in Table 1. They were obtain^ from 
consideration of the corresponding anions and cations within the scope of INDO, 
i.e. with the use of exactly the same approximations for the matrix elements of 

the Hartree-Fock operator as in the preceding section. 

(IV) CNDO/SP method [221 may be considered as the consistent extension 
of L Me Uchlan procedure to the case of alh^alenoe^lectro^kd^ o 
the spin density distributions in free radicals. This 
the effective hamiUonian for the open-shell electronic f. ^^3] 

CNDO/2 approximations [24] within the framework of the restneted Harlree 

Fock (RHF) approach. 
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Table 2 CNIXl/SP dclocali/ation and polarization contributions (in G] 


Radical 

ID 


121 

(?) 

tf" 

141 

1 in, 

H 

0 

0 

-23.1 


1 

1) 

0 

-60.4 

: (' ( H 

H 

46? 

- 0.6 

- 4.1 


( 

■ 272.K 

- 1.9 

11.4 


C 

21? 

- 5.7 

- 8.4 

1 111 III, 

It 

29 7 

- 5.2 

-11.1 


H 

?<)7 

0 9 

- 2.7 


II 

75.4 

1.7 

- 3.5 


1 

91,9 

- 3.3 

.36.8 


< 

4 1 

- 1.9 

- 4.6 

4. 1 „ll. 

II 

200 

0.2 

- 2.6 


H 

7 5 

- 0.3 

- 1.6 


II 

5.6 

0.1 

- 02 


t 

117.6 

- 4.4 

30.2 


t 

5 1 

- 1.4 

- 2.5 


( 

9 5 

- 0.4 

1 4 


< 

0 I 

- 0 2 

- 1.0 

s ( N 

C 

IK5,? 

- 2,3 

8.8 


N 

ftH 

- I.l 

29 

f. Ml N 

II 

15? 1 

l.l 

- 6.5 


1 

140.5 

0.4 

- 0.2 


N 

0,1 

- 0,2 

4.2 

7 H,l N 

11 

64,7 

- 10 

- 0.2 


1 

0 

- 1 6 

- 5.0 


N 

0 

0 

8.5 

X MIT) 

M 

1256 

- 0.9 

- 9.2 


(■ 

ID.X 

- O.S 

7.6 


() 

0 4 

0 5 

- 14.3 

•) CM, IT) 

II 

7.2 

- 0.1 

- .3.7 


1 

1177 

1.4 

12.7 


< 

21.5 

- 0.7 

2.8 


1) 

-0? 

26 

-18.1 

10 M l) 

1 

2«4? 

-31 3 

91,8 


C 

174,7 

0.4 

4.7 


1) 

-06 

1.2 

-15.5 

It. CO, 

C 

127 5 

- 2.6 

15.4 


o 

- 6? 

1.3 

-10.7 

12 NM, 

n 

0 

0 

-20.6 


N 

0 

0 

14.5 

M. nm; 

II 

0 

0 

-23.8 


N 

0 

0 

2t.l 

14 H,NO 

M 

20.6 

- 0,6 

- 4.9 


N 

11? 

- 0.4 

1.6 


O 

-0.? 

2.2 

-30.3 

15. NO, 

N 

17.2 

- 0.6 

4.7 


O 

04 

1.0 

-13.3 
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Table 2 (Continued) 


Radical 

(1) 


a® 

(2) 

<f' 

(3) 

u" 

(4) 

16. NH 

H 

0 

0 

-40.6 


N 

0 

0 

16.6 

17. OH 

H 

0 

0 

-22.4 


O 

0 

0 

- 38.2 

18. HjO 

H 

1468 

2.9 

-14.5 


O 

-.t98.0 

0 

0 

19. HBO 

H 

86.3 

- 0.8 

-11.0 


B 

187.8 

0.8 

3.3 


O 

-0.8 

1.0 

- 8.8 

20 BH," 

11 

0 

0 

-19.4 


H 

0 

0 

44.1 

21. BHj 

B 

288.4 

0.5 

- 0.7 


K 

234.3 

-21.5 

-31.7 


According to CNDO/SP the spin density matrix may be presented as a 
sum of three constituents namely 

1) the one electron (delocalization) term 

2) the spin-polarization term c?**’ and 

3) the exchange (<t - n) spin-polarization term tJ*'*’. 

The delocalization contribution to the spin population of the AO </>^ is 
accepted as being the square of the coefTicient by this AO in the unpaired 
electron MO expression. The other two contributions to the spin population, 
arising from the unpaired electron polarization of paired electrons in doubly 
occupied MO’s arc calculated by a perturbation theory with the help of 
“atom-atom” mutual polarizabilities (n^,) of Coulson [25] and the values of the 
atomic electron repulsion (y^J and exchange (x„,) integrals 


II 

“ i • ■ 

■ ^ TTp, • 
V 

’ yvv ■ Qvv ’ 

(3) 

II 

“ 2 ■ ' 

’ ' 

I • iQaa + Q7o) • 

(4) 


V <r 


Here, as in the Me Lachlan method, the semi-empirical parameters are intro- 
duced whose magnitudes Ajp = 0.1 and A,p = 2.35 have been found from com- 
parison with experiment. 

The contributions to isotropic hfc are summarized in Table 2. CNDO/SP 
calculations of hfc were carried out with the semi-empirical quantities 

= 15(0)1^ (5) 

presented in Table 3 together with those obtained [26] by least-squares fitting 
for INDO. The Hartree-Fock values [27] are also given in this .table for 
comparison. 

INDO as well as DEPAC and CNDO/SP calculations were performed for 
the same geometrical structure of any free radical in Table 1. In most cases the 
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Tabic 3. 

-parameters for magnetic nuclei (in G) 


Nucleus 

Hf 

INDO 

CNDO/SP 

’/I 

.S08 

539.86 

600 

"H 

725 

(725) 

700 

Mf. 

1 1 .to 

820.10 

850 

“N 

552 

379.34 

300 

”0 

I6()0 

- 888.68 

- 1500 

'■'f 

172(K) 

44829.20 

36500 


values of bond lengths and angles were estimated as those recommended for 
molecules [28] or taken from experiment if possible. Note that in ab initio 
calculations [I 10] the radical geometry was either similar or it was varied. 

The results, summarized in Table 1. suggest the following conclusions; 

1. Must of the experimental trends for the isotropic hfc in free radicals are 
well reproduced by the IN DO method. The difference between the ab initio and 
IN DO results is small as a rule in spite of the proper variation of parameters in 
ah initio calculations [2 7,9], This may partly justify some applications of the 
INDO methtxl for semi-quantitative hfc predictions. On the other hand, INDO 
is rather simple and more economical and therefore practically preferable in the 
case of complex paramagnetic species. At present it can be considered as the best 
among the semi-empirical methods for hfc calculations [26]. 

2. As distinct from INDO, the DEPAC method is generally unable to 
reproduce the experimental hfc data rcliablely. Moreover DEPAC leads to 
unreasonable qualitative results when a'" is the only contribution to the 
isotropic hfc (cf. Table 2). Thus DEPAC is unfit for the all-valencc-clcctron 
calculations of ?t-.;lectron free radicals. However, it is of interest to note that 
for some w-electron radicals (C=N, HCN , HjCN, HCO, CO 2 , NO 2 , H 3 O, 
HBO ) there is a gotxl qualitative accordance between the hfc magnitudes 
obtained by DEPAC and INDO. Nevertheless, for the a-electron radicals such 
as C^ 5 =C’H. HC— <’H 2 , C^H,, CH,C0 the DEPAC method again proves to be 
unsatisfactory. 

3. CNDO/SP method is the most economical and simple among those 
presented in Table 1. At the same time the results indicate that CNDO/SP is 
sufficiently effective as it leads to a satisfactory quantitative description of hfc. 
As distinct from INDO, the CNDO/SP approach facilitates the qualitative 
interpretation of the experimental data substantially as it allows the spin density 
matrix to be presented as a sum of the one electron and spin-polarization 
constituents and also makes possible the direct comparison with the results of 
simpler methods [29]. This approach is very attractive for the practical calcu- 
lations due to the opportunity of estimating the one electron contribution 
rcliablely and obtaining a small spin-polarization correction by a perturbation 
theory. 

Rather large values of the exchange spin-polarization terms a'’’ for cr-electron 
radicals are worth mentioning at this point. They may be compared with similar 
INDO-magnitudes a"’ which are the UHF-dilferences in the isotropic hyperfine 
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Table 4. Isotropic hyperfme coupling conntanto and exchange spin-polarization contributions (in 0) 


Method 

hje 


INDO 

a 

CNDO/2 

a 

INDO 

a" 

CNDO/SP 

a" 

HC=CH2 

H 

10.7 

29.2 

-18.5 

-11.1 


H 

33.8 

37.3 

- 3.5 

- 2.7 


H 


73.4 


- 3.5 


C 

127.7 

91.0 

36.7 

36.8 


C 

- 14.9 

- 9.1 

- 5,8 

- 4.6 

C^H 

H 

34.6 

30.3 

4.3 

- 4.1 


C 


9,4 

- 2.4 

- 8.4 


C 

287.4 

274.0 

13.4 

11.4 

HCN- 

H 

148.9 

155.0 

- 6.1 

- 6.5 


C 

156.1 

126.8 

29.3 

- 0.2 


N 

.3.1 

- 0.3 

3,4 

4.2 

HCO 

H 

112.7 

128.0 

-15.3 

- 9.2 


C 

146.7 

108.7 


7.6 


O 

- 5.2 


- 5.6 

-14.3 

HBO 

H 

87.7 

92.1 

- 4.4 

-11.0 


B 

212.2 

1810 

31.2 

3.3 


O 

- 4.2 

02 

- 4.4 

- 8.8 


coupling constants calculated within the scope of IN DO and CNDO/2, as the 
latter neglectes the atomic exchange integrals These differences for some 
o-electron radicals are summarized in the last but one column of Table 4. In most 
cases they are much the same or greater than those obtained by the CNDO/SP 
method. 

A good quantitative agreement with the experimental and INDO results 
shows a strong evidence for the efficiency of CNDO/SP in qualitative analyses of 
the isotropic hfc. 
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I'he Tormation of spin triplet, quintet . and singlet ground states within the 3(1* electron confi- 
guration is inve.stigated in D^j, and Du symmetries employing irreducible tensor operator methods. 
Significant difTercnces in the possible ground states are encountered between a complete Cl and 
spin-orbh interaction treatment and an approximate calculation within the cubic ’Tj. 'A,. ‘T,. and 
■'Tj parents. 

Key words: d* configuration Ligand Field Theory 


The Stabilization of spin triplet ground states in compounds of the electronic 
configuration has been a matter of considerable interest and of some specu- 
lation in recent years. On the basis of experimental investigations. S = 1 ground 
states are definitely established in the planar ironflO phthalocyanine [1], in 
certain distorted octahedral bis(diimine) iron(ll) complexes, a representative 
example being Fe(phen)20x • SH^O [2-4], and in the planar bis(biuretato) 
cobalt(lll) complexes [S, 6]. Triplet ground states are likewise formed on reduction 
from iron(IIl) to iron(ll) under high pressure in biological compounds like 
hemin. hematin, and imidazole protohemichrome [7]. Finally, the apparent 
function of a triplet state in the biologically essential oxygenation of hemoglobin 
should not be overlooked [8]. 

At the beginning, the results of physical measurements (e.g. the effective 
magnetic moments) have not been understood, since, within the parent octa- 
hedral symmetry, only and ground states are formed. Under 

the same conditions, the lowest triplet state ^Ti,(t 2 ge^ is at least 5000 cm"* 
higher in energy [9]. However, if tetragonal {D^ or trigonal [DjJi symmetry is 
assumed, ligand field calculations based on a limited set of basis functions 
demonstrate that spin triplet states as well as various spin-mixed states may be 
stabilized in addition [10]. Recently, completely computerized methods have 
been developed which use the irreducible tensor operators of Racah in several 
different coupling schemes [11]. These methods may be applied in a straight- 
forward way to any incompletely filled p”, tf or /” configuration and to any 
symmetry. On the basis of this method, complete configuration interaction 
calculations were performed within the configuration in and £>3^ symme- 
tries both without and with spin-orbh coupling included. A subsequent search 
program determined the boundaries for the various electronic ground states in 
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i'lg. I. (iround state boundary regions for the rA* configuration in symmetry including complete 
(.1 and spm-orbit coupling (0 7.Wcm = 4 «,{ = 420 cm ') assuming k - DsjDi — 1.0. Results of 
a limited calculation arc indicated by broken lines 


parameter space. I'he results have interesting consequences with respect to the 
ciTcct of high-energy levels in general. 

t 'igure I shows the ground states which result from a complete conriguration 
interaction calculation within a space spanned by the parameters [12] of the 
parent octahedral (0^) field and Dt of the tetragonal (D^i^ field, whereas Ds has 
been fixed by the requirement k = Ds/Dt = 1.0. In addition, the Racah parameters 
of interelectronic repulsion have been taken as B = 730cm~‘ and C = 4B and 
the spin-orbit coupling constant ( = 420cm” '. When spin-orbit interaction is 
taken into account, there may be non-zero contributions of various spin 
multiplicities to each state in question. In addition to (almost) pure spin singlet, 
triplet, and quintet ground states, substantially spin-mixed ground states are 
expected. For the purpose of demonstration, we arbitrarily define a pure spin 
ground state us one having less than 2% admixture of any other spin multiplicity 
(blank areas in Fig. I separated by full lines) and all other ground states are 
considered as spin-mixed (shaded areas in Fig. 1). For comparison, the results 
obtained from a limited basis set calculation comprising the four lowest energy 
multiplets of the octahedral field, i.e. *T 2 g(rJ,t'J). ‘/Ii,(t 2 ,). and 

are shown by a broken line [ 10]. These states are all which occur up 
to an energy of at least 10000 cm” *. The approximation is reasonable for 
Dt<0 and for small positive Dt in conjunction with reasonably large Dq. On 
the other hand, significant differences are clearly evident for large and positive 
values of both Dt and Dq. In particular, a new ground state arises for large 
Dq and a new , ground state for small Dq. both at Df > 0. A large spin-mixed 
area separates the two states. Additional differences comprise a broadening of 
all spin-mixed state areas in the complete Cl calculation as compared to the 
limited calculation including spin-orbit coupling. In addition, the spin-mixed 
regions are larger in tetragonal symmetry than if the symmetry is viz. Dt = 0, 
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Kig. 2. Ground state boundary regions for the d* configuration in symmetry including complete 
Cl and spin-orbit coupling (B = 7 JO cm C = 4B, C = 420 cm ') assuming ic = Do/Dr = 1.0. Results 

or a limited calculation are indicated by broken lines 


1400cm"‘ in Fig. 1. These areas on both sides of the actual cross-over are 
important in that various physical properties are determined by the actual 
distribution of low-lying levels and by their mixing [13]. 

In a separate study, we investigated the origin of the ground state at high 
and positive values of Dt and Dq. It is well known that, in an field, altogether 
seven different excited ^7,^ states exist [14]. All of these states could be parents 
to the ^Ai state in question since, in a field, *7i->^/42 + whereas 
^A2(0^)-*^Bi(D^^). The investigation shows the ^2 sl^te to consist of ~50% 
contribution from the parent ^T,[i2(^7,)c^('/4,)] which is known to occur at 
an energy >30000cm“' and ~40% contribution from ^T,[l2(^T,) e^('E)] at 
an energy > 21 000 cm Neither one of the two states can become ground 
state alone, and no effect of the remaining ^A 2 CT{) states on the ground state 
is apparent. 

Figure 2 shows the ground states resulting from a complete Cl calculation 
within a space spanned by the parameters [12] Dq of 0,, and Dz of trigonal (DjJ) 
symmetry in the limit of zero spin-orbit interaction. TTie parameter Da is fixed 
by K = Da/Dz = 1.0. Again, the results of a limited basis set calculation employing 
the same multiplets as above have been indicated by a broken line. It is evident 
that the approximation is applicable for Dt>0 and if Dz assumes negative 
though small values. As in D4* symmetry, a ^A 2 ground state is formed if 
DT<-I500cm"‘ or less. It should be observed that, in D^^ symmetry, 
*7, -►^^42 + ^E, whereas the ^,42 is not changed. A detailed study shows that the 
^A 2 ground state encountered is composed of ~70% ^Ti{t 2 (^T^e^(M 2 !(] 
(at >25000cm‘‘) and ~20% ^A2[t20Ai)e^{^A2)'] (at >30000cm'‘) parents. 
Additional contributions (~5% each) derive from */l2[t2(^J^)e^] and 
*7,[r^(^72)e^], these states occurring normally at an energy above 30000 and 
45000cm“', respectively. For small values of Dq and Da = Dz< —1500cm' ^ 




20 « 


E. K6nig and R. Schnakig: Tranaition Metal Compounds 


another state is formed, its parent being almost exclusively (to ~95%) 
The accurate boundaries between the two ^A 2 states were not studied. 

Complications similar to those discussed above are encountered if values 
different from s = Ds/Dt = 1 .0 are investigated. Thus, if = 3.0 and symmetry 
are assumed, ^ 82 , '^^ 2 ' ground states arise for Dt >0 in the region of the 

^A 2 and states of Fig. I. Compared to a limited basis set study, the additional 
terms ^A 2 . ^E, and */4, arc formed. If k= —3.0. the ground state boundaries are 
similar in both the limited and the complete Cl calculation, while the ^82 state 
region is replaced by that of the state. Turning our attention to symmetry 
and assuming k - 3.0, the Cl calculation differs from the limited study [10] in 
that an additional region of 'A 2 state stabilization is formed for Dx< — 1500 cm~ ‘ 
and Dq < 2500 cm ' . Finally, if k = — 3.0, a ground state arises in the Cl 
treatment for Dt< -1500cm ' and < 1500cm" whereas no such state 
is formed within the limited approach. 

In conclusion, limited basis set calculations comprising the low-energy 
octahedral terms ^£ 2 , ' A ’7',, and reasonably describe the electronic ground 
slate in Z)** and Djj symmetries close to O* within large regions of parameter 
space {Dt, Ds or Dr, Da and Dq). However, if significant departures from octa- 
hedral symmetry are considered, an incorrect qround state may result. The possible 
conclusions concerning the excited states arc even more restrictive. Therefore, 
great caution should be exercised in applications of any limited basis set treat- 
ment in ligand field theory. 
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The use of average natural orbitals is compared to some heller known melhods of performing 
limiled and re.siricted Cl calculalions. Ii is found lhal a moderalcly cxiensive resiricled valence shell 
Cl computation using a subset of these orbitals is an eflicicnl and accurate melhtxl for the calculation 
of state wavcfunclions. I'otal and electronic excitation energies have been calculated for the 
Bfl molecule. 

Die Verwendung von gcmilleltcn natiirlichcn Urbitalcn wird mil cinigen besscr bekannten 
Methoden bcsehrankler CT-Rcchnungcn verglichen. Man findel. daU cine cingcschranktc Valcnz- 
sehalen-CT-Rochnung von miilJigem Umfang mil eincr Untermenge der genannten Orbilalc einc 
Icistungsriihigc und genaue Methode 7ur Berechnung der Wcllenfunklion cines /ustandcs darslcllt. 
Die Ciesamlencrgicn und clektronische Anregungsenergien warden fiir das BH-Molekiil bercchnet. 

Key words- Average natural orbitals Rxcitation energies of 1)11 


latroduction 

The computation of accurate electron excitation energies can be an expensive 
task since it usually requires extensive calculations to be repeated for each state 
of interest. Efficiency is therefore a more important criterion for such calcula- 
tions than for those in which properties of only one state are determined. This 
paper illustrates a method which combines accuracy with efficiency and compares 
the results obtained for BH with those obtained from some well known Cl 
methods. 


Results and Discussion 

Choice of Atomk Orbitals 

Since most sets of atomic orbitals quoted in the literature have been 
optimized for ground state wave functions only, our set of orbitals includes 
additional ones chosen for the more diffuse excited states. The core of this set of 
atomic orbitals for BH is a so-called “double zeta” set of contracted gaussian 
orbitals. These orbitals (Boron s,, .Vj, .Sj, s^, p^, and Hydrogen s, plus the 
first gaussian orbital of S 2 , shown in Table 1) are taken from published works. 

* Taken in part from a Ph. D. thesis submitted to the University of Toronto in 1971. 

** Person to whom correspondence should he addressed. 
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I ubk I ( 'ontruelcd guussian function basis set fur BH 


Atom 

Type 

l-.x ponent 

Coefficient 

Boron 

''1 

KWll.SSQ 

0.00602874 



I576.19iy 

0.0.3414955 



.161.66537 

0.21.34.3952 



98 726437 

0.81532002 


Si 

31.781408 

0.14008659 



10 842225 

0.327%748 



4.9774725 

0.43910393 



1 5888265 

0.21500160 


S 4 

2 8590772 

-0.101280.56 



0.35556953 

()..50247.350 



0 14972248 

0.56801575 


’'J 

007433206 

0.91758759 



0,(13701718 

0.08939910 


Ns 

0 1 

1 0 


'•t, 

0 0556 

0.82613835 



0.0185 

0.20653459 



26.828 1 

0.(X)9 18291 



5 81.572 

0.0690.3735 



1 63092 

0.29193173 



0.54881 

0.74403225 


r: 

0 204(XI9 

0.61097738 



0.0822550 

0,40114602 



00356435 

0.06767884 


/'t 

02415 

1.0 

Hydrojicii 

'-1 

19.24060 

0.3282801 1 



2 8WI5 

0.2.3120807 



0 65.341 

0.8172.3826 


Sj 

0 17758 

0 92065144 



0 05 

0 10229460 


Nt 

0 1 

1 0 



0 5 

1 0 


The urbilals centred on the Huron nucleus arc those of llu/inaga [1] while 
those on Hydrogen are from Basch er ol. [2J. 

These orbitals are augmented with orbitals which increase electron density 
in the bonding region of the molecule rather than with orbitals optimized for 
improved ground state energy. This latter approach invariably leads to orbitals 
highly localized on the atomic nucleus; i.c. to better representation of the Boron 
l.s cusp. The maximum density of the radial part of a gaussian orbital is related 
to the value of the exponent, a. by the relationship 


n- 1 



For an ,s-type gaussian orbital (n= 1) the maximum is always at r = 0 and so ex- 
ponents were selected which came between those of the two most diffuse orbitals 
in the double zeta set. For p-type gaussian orbitals (n = 2) on Boron the value of r 
in the tibove expression was set at the position of the second maximum of the 
numerical Hartrec-Fock Is orbital [3]. This value (r= 1.439 bohr) yields an ex- 
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ponent of 0.2415. An exponent of 0.5 was arbitrarily chosen for the p-type 
gaussian orbital on H atom which places the maximum density at r = 1 bohr 
from the H nucleus or slightly less than the mid-point of the BH axis. The 
full set of atomic orbitals used consists of 21 contracted gaussian orbitals; 6 
.s-type and 3 sets of p-type orbitals on Boron and 3 s-type and 1 set of p-type 
orbitals on Hydrogen (Table 1). 


SCF Calculations 

An SCF calculation was performed on BH using the above set of atomic 
orbitals for a nuclear separation of 2.3291 bohr. This calculation may be 
compared with two published ones. Cade and Huo [4] using a large set of Slater 
orbitals obtained an energy of —25.1314 hartree. This energy is taken to be the 
Hartree-Fock limit for BH. Kaufman and Burnellc [5] using a large set of 
gaussian orbitals obtained —25.1298 hartree. In spite of the fact that the 
augmenting orbitals used in this work were not chosen on an energy lowering 
criterion, quite a good energy is obtained. This energy, —25.1 196 hartree, is only 
0.01 18 hartree above the Hartree-Fock limit. 

Just as the ground state wavefunction may be approximated by a single 
configuration, the excited state wavefunctions may be also. These configura- 
tions arc constructed by replacing one of the occupied orbitals in the SCF 
ground state wavefunction with one of the virtual orbitals. First, however, 
it must be pointed out that since BH belongs to the C.j,.,, spaa* point group, the 
SCF ground state wavefunction has the form 

.C/ (T, ( 1 ) IT I (2) fT2(3) «T2(4) (TjIS) 17,(6) 

(where <Ti is an orbital which transforms according to the irreducible re- 
presentation). The SCF calculation involves only atomic orbitals of a .symmetry 
and so results in SCF orbitals of ff .symmetry only. Orbitals of n symmetry 
were formed by symmetrically orlhonormalizing [6] atomic orbitals of n sym- 
metry. Thus the n single configuration wavefunction formed by replacing one 
of the a orbitals by a n virtual orbital which is an orthonormalized symmetry 
adapted orbital is too poor to be used for the calculation of transition energy. 

The B' *~X^ transition energy is calculated to be 0.246 hartree com- 
pared to an experimental value of 0.238 hartree [7]. The observed C'Jf^ state 
wavefunction cannot be approximated by the virtual orbital technique since it 
has no .single principle configuration but rather a combination of two configura- 
tions involving double substitutions by orbitals of 7i symmetry. 


Cl Calculations 

All Cl calculations were performed by making substitutions for the orbitals 
of the valence electrons only. We are calling this a valence shell Cl. The calcula- 
tion is a full valence shell Cl when all possible substitutions of the valence 
orbitals by all combinations of virtual orbitals are included in the wavefunction. 
We refer to a full double valence shell Cl when only the configurations formed 
by single and double replacements of the four valence orbitals are included in 
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the wavefunction. The term restricted valence shell Cl refers to a calculation 
where all possible substitutioas of the valence orbitals are made from a subset 
of the virtual orbitals. Finally a limited valence shell Cl is one in which a subset 
of the configurations of a full valence shell Cl are used. (The full double valence 
shell Cl and the restricted valence shell Cl arc particular examples of a limited 
valence shell Cl). 

The partitioning of the Cl calculation into core and valence shell is after 
Miller and Ruedenberg [8] and is based on the postulate that the core electrons 
arc relatively unaffected by the molecular environment. The core correlation 
energy can therefore be treated as a constant quantity and attention confined 
to the valence electrons only. They calculate the total correlation energy and the 
core correlation energy of BH to be 0.152 hartrec and 0.039 hartrec re- 
spectively, leaving a valence shell correlation energy of 0.113 hartree. 


I'litt Double Valence Shell C'l Calculations 

A full d(^ublc valence shell C'l calculation was performed for each of the 
five lowest singlet electronic states of BH at a separation of 2.3291 bohr. The 
' wavefunctions included 253 configurations while the 'fJ wavefunction in- 
cluded 376 eonfiguration.s. Only the and the A‘IJ states arc represented 

accurately since higher state wavefunctions have important terms which involve 
higher than double replacement. The energies obtained were -25.1706 hartrec 
and - 25.0503 hartrec respectively, yielding a transition energy of 0.1202 hartree 
(experimental, 0.105 hartrec [7]). The ground state energy represents an im- 
provement of 0.0510 hartrec over the SCF result. This corresponds to a recovery 
of 45 "o of the valence shell correlation energy. 

riiesc wavefunctions cannot be improved simply by performing a full valence 
shell Cl calculation .since this would involve 3526 '2 * and 3410 '/7 configura- 
tions. A working maximum for the present computer program is 25(X) configu- 
rations; hence we turned our attention to several forms of restricted and limited 
valence shell C'l methods. 


Restricted Valence Shell C'l Calculations 

The first attempt was to restrict the substituting orbitals to a subset of the 
virtual orbitals choosing those with lowest orbital energy'. This subset included 
5 virtual orbitals of a symmetry and 4 of rt symmetry. The ground state wave- 
function includes 622 configurations and yields an energy of -25.1443 hartree. 
This corresponds to a lowering of only 0.0247 hartree or 22‘’ii of the valence shell 
correlation energy. In addition, a similar calculation for the A ‘77 state (588 con- 
figurations) leads to a predicted A' D *- X' I* transition energy of 0.210 hart- 
ree f 


‘ Strictly speaking the term “orbital energy" applies only to the SCF orbitals. In the case of the 
orthonormuli/cd symmetry orbitals, the value calculated in the same manner us an orbital energy is 
used; i.e. the term orbital energy is used for the diagonal Lugrangian multiplier of any orbital when 
substituted into the SCT evjuation. This is reasonable in the sense that increasing orbital energies arc 
obtained us the numK'r of nodes in the orbital increases, as found for SCF orbitals. 
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It is obvious that this is an extremely poor method of extending a calculation. 
This conclusion is extremely relevant considering that restriction of substituting 
orbitals in this way is a relatively common practice. 


Limited Valence Shell Cl Calculations 

The next procedures that were considered limit the configurations rather 
than restricting the orbitals. In the first case, the sums of the orbital energies 
of the orbitals in each configuration were listed and those with the lowest sums 
selected. It is felt that this is justified on the grounds that this would rank the 
configurations in a similar manner to toai energy. 

Two limited valence shell Cl calculations were made, one for the X'l* 
state and one for the A' FI state, both at 2.3291 bohr and both limited to 
2000 configurations. The energies obtained were —25.1828 hartree and 
— 25.0700 hartree respectively. The A^n*~X'I* transition energy is predicted 
almost exactly equal to experimental while the ground state energy represents a 
lowering of 0.0632 hartree or 56”'i of the valence shell correlation energy. 

Since this size of calculation is unsuitable for a scries of calculations, the 
number of configurations was further limited to 700 by the same method and new 
calculations performed. The ground state energy, -25.1765 hartree, is only 
slightly below that for the full double valence shell Cl calculation. The transition 
energy between the two states, 0.1215 hartree, is also similar to the full double 
valence shell Cl calculation. This demonstrates the limitation of this simple 
procedure. 

The use of Perturbation Theory for limiting configurations has already been 
described [9]. This theory was applied to the two sets of 2000 configurations dis- 
cussed above in order to limit the wavefunctions to the most significant 748 


Table 2. Molecular .stale energies of BH 


Calculation 

Energy (hartree) 




X'Z* 

A' 11 

AF. 

Full double valence shell Cl* 

-25.1706 

- 25.0.503 

0.1202 

Restricted valence shell Cl'' 

-25.1443 

-24.9341 

0.2102 

Limited valence shell' 




A 

-25.1828 

-25 0700 

0.1127 

B 

-25.1765 

-25.0549 

0.1215 

C 

-25.1824 

- 25.0695 

0.1 128 

Experimental transition energy [7] 



0.105 


• 253 ‘E’ and 376 'll configurations. 

‘ Basis orbitals restricted to f 2 virtual orbitals with lowest orbital energy ; 622 ' Z ' and 5K8 ' fl configura- 
tions. 

‘ Full valence shell Cl restricted as follows; 

A. 2000conrigurations of each symmetry selected on sum of orbital energies of orbitals in each configura- 
tion. 

B. 700 configurations selected as for .4, 

C. 748 'L* and 740 '/7 configurations selected by perturbation theory. 
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and 740 '// configurations. The energies obtained, —25.1824 hartree and 
- 25.0695 hartree for the and A* FI states respectively, are virtually 

identical to the calculations with 2000 configurations. This is a significant 
demonstration of the applicability of perturbation theory for this type of 
problem. 

The various energies obtained in the above calculations arc summari/cd 
in fable 2. 


Natural Orbital Cah ulatwns 

1 he full double valence shell Cl wavcfunctions discussed above were analyzed 
in terms of their natural orbitals. When the NO are put in order of increasing 
occupation number, the first twelve include 8 of and 4 of rr symmetry as for 
the 12 orbitals ranked by orbital energy previously. These 12 NO were selected 
for restricted valence shell Cl calculations. The results of these ealculations as 
given in columns I and of fable 3, are essentially the same as for the 2000 con- 
figiiraiion calculation described above. In fact, the slight difference in the 11 
energy is such that the transition energy agrees better with the experimental 
value, fhe calculations involved 622 '2 ' and 588 ‘/7 configurations respec- 
tively. 


I able t I (iiul and liansilKin energies" lor stales of BH ealeulaled wilh NO and ANO'’ 


(yiiiinlily 

,V'i '(NOI 

•V'i'lANO) 

•t'f/iNO) 

f, HANOI 

B'i'IANO) 

f"i(/ 

1 oliil cnergv 

■ 25 1X27 

25.1X02 

■ 250710 

- 24.95.14 

24 96tK) 

24.9 1: 

1 runsition energy 

.. 

- 

0 lOX.^ 

0.2.26X 

0.220.1 

0 2(>; 

1 .vpcrinienliil 



0 105 

0 211 

0.21X 

0.25; 


(raiisiiion energy | 1 1 1 


■ In hartree 

Keslrielcd valenee shell I'l using 12 NO or ANO from full double valence shell Cl wavefunelions The N 
ANt I with highest neeupaney ninnbers were chosen resulting in 622 '2"^ and .‘'XX '// configurations. 


Natural Orbital Calnilations 

The use of NO alsti requires separate calculations to be performed for each 
state of interest. Therefore, in order to look at values predicted for several states, 
the use of average natural orbitals (ANO) was investigated. The ANO are cal- 
culated in the stime manner as NO except that the one particle density 
matrices of the wavcfunctions in question are first averaged and then the 
resultant matrix is diagonalized. 

Each state has a one particle density matrix Pj" which may be diagonalized 
to give the NO {y'} : 

p<U) pill p(2l pin) 

i i 1 1 
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Each set of NO {x*} is an orthonormal set but the sets are not orthogonal to 
each other. Since the individual density matrices, P}" are all hermitian, their 
average Pf. where 

* «+ i 

must also be hermitian and can be diagonalized. The diagonalization of Pf 
yields { 7 } the “average" NO or ANO. 

The ANO resulting from the averaged density matrix of the full double valence 
shell Cl wavefunctions of each of five singlet states of BH (three and two 
components of the C'd state) were formed The restricted valence shell Cl 
calculation using the 12 ANO with highest occupation numbers was then per- 
formed. These 12 ANO also include eight of a and four of it symmetry and so 
yield 622 configurations of T symmetry and 58S of '/7 symmetry. The wave- 
functions for five states together with total energy were obtained from this 
calculation. The.se results arc included in columns 2, 4. 5 and 6 of Table 3. The 
ground state energy is only 0.0025 hartroc higher than from the NO calculation 
indicating that the loss in absolute accuracy is very slight. The electronic tran- 
sition energies are all close to experimental values. The energies of the C'd and 
are calculated very close together and occur intermediate to the experimen- 
tal values for the two states. More extensive calculations, to be published 
separately, have indicated that the reason for this is that configurations involving 
substitutions by orbitals of S symmetry are important for accurate representation 
of these two states. There were no orbitals of this symmetry resulting from our 
atomic orbital basis. 


Conclusion 

The use of a subset of ANO formed by averaging the density matrices of a set 
wavefunctions resulting from intermediate calculations (in this case limiting the 
configuration to double substitutions) as basis orbitals for a more extensive 
calculation (restricted valence shell Cl) yielding several state wavefunctions at 
one time has been found to yield results comparable in accuracy other 
sophisticated Cl procedures. The intrinsic efficiency of this method, however, 
suggests that it is more suitable for the calculations of multiple state wavefunc- 
tion of molecules. 
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In this paper we derive a general computational scheme for the calculation of the non radiative 
decay probability of a polyatomic molecule in the statistical limit. Within the framework of the 
Harmonic Approximation the relaxation rate of any polyatomic molecule can be expressed in terms 
of an infinite sum where each term consists of a medium distribution function and an intramolecular 
term. In the statistical limit the medium induced vibrational relaxation widths do not alTcct the non 
radiative decay characteristics. Numerical calculations are reported for the T|-*.Vu intersystem 
crossing in the benzene molecule. 

Key words: Radiationle.ss transitions Electronic relaxation Energy transfer 


1. Introduction 

This paper is concerned with some features of the electronic relaxation of a 
large molecule in a dense inert medium. Adopting the definition of the inert 
medium presented in previous work [1,2] the non radiative decay characteristics 
of a statistical large molecule can be affected by the medium as follows: 

(a) The medium may provide accepting modes for the electronic relaxation. 

(b) The medium provides a mechanism for vibrational relaxation in the final 
intramolecular quasicontinuum. 

(c) The medium provides a loss mechanism for vibrational relaxation in the 
initial electronic manifold. 

The coupling between electronic and vibrational relaxation in large molecules 
has been recently considered by us [3], Wc were able to demonstrate that when 
the vibrational relaxation is slow relative to electronic relaxation (as is the case 
for some ultrafasl processes) the non radiative decay involves the initially excited 
level, while in the limit of fast vibrational relaxation a Boltzman averaged (over 
the initial states) non radiative transition probability is obtained. Thus the 
implications of the vibrational relaxation in the initial electronic manifold 
[effect (C)] were elucidated. It was pointed out [1,4] (but not proved) that 
vibrational relaxation in the final electronic manifold of a statistical molecule is 
unaffected by vibrational relaxation in the final manifold. 

The purpose of this paper is twofold: 

(a) From the point of view of general methodology we shall demonstrate 
that for a molecule which corresponds to the statistical limit the vibrational 
relaxation in the final vibronic manifold docs not affect the non radiative decay 
characteristics, and does not modify the expressions previously derived [1] which 
did not include this effect. 
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(b) Krom the technical point of view we shall provide a computational scheme 
for the evaluation of the non radiative decay probability of a statistical molecule 
by the generating functions method. This method was briefly outlined and applied 
by us [5], In view of recent criticism of our approach [6] we would like to provide 
a complete justification fur this technique. 

2. Non Radiative Decay Probability 

Wc shall consider the model two electronic level system previously described 
[ 1 1 and invoke the following simplifying assumptions; (a) The medium does not 
provide accepting modes, and its efrcct can be subsummed to add a vibrational 
relaxation width /' so that the generating function is modified by an exponential 
damping term [ 2J. I hus we consider the decay of a zero phonon molecular line. 
I his restriction will be relaxed in Section 3. (b) We consider the fast vibrational 
relaxation limit whereupon in the low temperature limit the non radiative decay 
probability corresponds to the relaxation of the vibrationlcss level in the initial 
electronic manifold. 

fhe non radiative decay probability of a molecule in a Shpolskii matrix can 
be expressed in the form 

ZlQI'4 (2.1) 

where ('*, is the electronic coupling matrix element between the two electronic 
stales induced by the promoting mode k. In the Harmonic molecular model the 
vibrational integral is determined [ 1. 5, 7, 8] in terms of a Fourier transform of a 
function F(/l„,.1„.exp(((u^/)) of the molecular frequencies the origin dis- 
placements of the normal modes and the frequency ratios between the two 
electronic states 

j exp[-iJt',i/7i-/jrl/2h] F(/l,„d„,exp(ii.)^i)) (2.2) 

- t 

where .1 F, = .IF - ho)^ is the effective energy gap and where F is the (average) 
width of the level in the quasicontinuum manifold [2], In the simple model of 
displaced identical energy surfaces 

F(/l^..l^.cxp(/m^f)) = exp[-i exp j ^ dj cxpfiw^f) (2.3) 

while in the case of displaced potential surfaces involving frequency changes 
f = |n(/g ‘I {l+ [l-exp(2itu,f)]| ' 

1 1 1 * + ^ 

X exD I - y /i,d^ [l-exp(i(u,r)] 1 

M „ i + /?„ + (/?„- l)exp(iw^f))' 



Non Radiative Transition Probabilities 


219 


The mathematical problem is thus reduced to the evaluation of the integrals 
Several attempts have been reported to perform these integrations by the saddle 
point method [1-7] (assuming that dE is sufficiently large). This procedure is 
valid for the statistical limit only in the case of displaced identical potential 
surfaces. When frequency changes as well as unharmonicities are included it was 
found necessary to prerform a power expansion in the exponential function of (2.4), 
in order to apply the saddle point integration [1,7-9]. It can be demonstrated 
(see Appendix A) that this expansion method, retaining low order terms is un- 
justified. This conclusion was also supported by numerical calculations performed 
by us. Thus when more complicate (and more realistic) physical models are 
introduced the saddle point method is inapplicable. Furthermore, the saddle point 
method cannot be applied when the exponential damping term exp(-r|f|) is 
present in the Fourier integral (2.2). Thus we conclude that alternative numerical 
procedures are required for the evaluation of the non radiative decay probability. 

We shall now introduce a normalizing frequency, lOf), so that the numbers 


(b^ = <oj<o^ 

(2.5) 

arc integers for all /r. It should be noted that the definition of u)^ is not unique. 
In particular it is important to notice that for the set {%} (express^ as integers in 
arbitrary units and given for any available experimental accuracy) we can define 
the largest common integer divider We shall also define the reduced 

quantities 


(2.6) 

y = r/fi<ON 
and 

(2.7) 

(2.8) 

Eq. (2.2) may be recast in the form 


1 ' 

/„=— J (f.xexp(-/c,.v-v|.vl/2)F(/l,„/l„,exp(iw^.v)). 

- X 

(2.9) 

Making use of the relation 


1 ^ y 

exp( - }-|x|/2) = dy cxp( -iyx) + (.,/27 ■ 

(2.10) 


Eq. (2.9) may be rewritten in the form 




Inoin 4 -h (yjl) 


J dxexp[-i(<:„-f->')j)c]F(^^,d^,<;“'“'‘^). (2.11) 


As the numbers are integers it is easy to perform the integration over .x, which 
yields (Appendix B) 


1 


J dx exp[-i(e„-|-y)x] f(/?^,d^,exp(id»^x))=/o(c,-l-y) 


J. 

1 


* = — X 


(2.12) 
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where 


1 

/„(r)= -- I dxexp(-izx)F(P^,A^,exp(id)i,x)). 
0 


(2.13) 


Inserting Eqs. (2.12) and 12.13) into Eq. (2.11) and performing integration over v 
we ohtain 


I'hu.s the non radiative decay probability of a zero phonon line can be expressed 
in term.s of the infinite sum (2.14) where each term involves a medium induced 
l.orenlzian distribution and a (finite) integral of the intramolecular generating 
function. T his result is general, being valid both for the statistical limit and for the 
.small molecule case. 


3. The Statistical Limit 


Within the framework of the present theoretical scheme the statistical limit is 
churacteri/cd by the inequality 


(>0)^“ (3.1) 

where is the largest common integer divider of the frequencie.s. Eq. (3.1) is 
equivalent ‘ to the more physically transparent inequality 

(3.2) 


in which o is the density of non-degenerate levels in the final manifold. The last 
inequality is easily recognized to be the condition for the smoothness of the non- 
radiative line-shape function (with T, = /') which is the Freed-Jortner definition [4] 
of the statistical limit. 

If .1 E P f which is always the case we now have 

I . (3.3) 


Eq. (3.3) implies that the summation in Eq. (2.14) may be replaced by an integration, 
so that 



i dslois) 


y 

(e^-s)^ +{y/2)^ ■ 


(3.4) 


Now, if /u(.s) does not change appreciably within the Lorentzian width y we may 
take it outside the integral at the point s = r.^, getting just = Io(f„)- The condition 
for the slow variation of Io(e^) is 



(3.5) 


‘ Provided that the energy gap .J E is large enough. (The necessary condition may be shown to be 
where Um the largest molecular frequency and Jio is the average diflerence 
between the molecular frequencies.! 



Non Radiative Transition Probabilities 221 

For the sake of an order of magnitude estimate we invoke the approximate result 
of Engleman, Freed and Jorlner [1] for /„ 

Io(Ejxexp(-eJhwu) (3.6) 

where is the totally symmetric mode of maximum frequency, the condition 
(3.5) leads to 

r/fiiOu < 1 . (3.7) 

It may thus be concluded that under the conditions [Eqs. (3.3) and (3.5)] 

(3.8) 

the non-radiative decay rate of an excited electronic state in the statistical limit 
may be computed by expressing the integral (2.2) in the form 

1 

fx=fo(y= S dxcxp(-/f.^x)F(/l^,d^,exp(id)^x)). (3.9) 

0 


It is important to notice that Eq. (3.9) clearly demonstrates that the non- 
radiative decay rate in the statistical limit is independent of the width F of the 
levels in the dissipative {\lj)} intramolecular manifold. Such assumption has been 
silently invoked in many previous works which dealt with non-radiative transitions 
in large molecules embedded in an inert medium [1,5 -9]. 

So far we have been focusing attention on the non-radiative decay of a zero 
phonon line of a statistical molecule in a matrix. Our conclusion concerning the 
independence of the non-radiative decay rate on the vibrational relaxation width 
pertains only to a large molecule in a Shpolskii matrix. We have stated in Section 1 
that direct coupling to medium modes is of minor importance in the statistical 
limit, where the decay rate is dominated by the larger molecular frequencies [1]. 
This argument may be presented in a more quantitative manner by considering 
the decay rate of an initial (sim,) level (where i and m, denote molecular vibrational 
.state and medium vibrational state, respectively). We assume that the medium 
provides only promoting modes, so that the non-radiative decay probability is now 

xS(AE^-^Ei-Ej+ £*, - £„,) 


where £, and Ej are the vibrational energies of the molecule in the .s and in the 
/ electronic states, respectively, while £„, and £„, denote medium vibrational 
energies. is the appropriate Franck Condon (FC) factor which may 

be factorized into a product of a molecular (FC) factor and a medium (FC) factor. 

= (3-n) 

Eq. (3.10) may now be recast a convolution 


(3.12) 
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The functions f'(£) and G(£) are easily recognized as the vibronic line-shape 
functions which correspond to the intramolecular and the medium modes, 
respectively. 

F(A £,-£)= X 1 Ki. ul" mt^-E + E-Ej) (3.13 a) 

J 

G{E\ - X + £„. - £„,) . (3. 13 b) 

mi 

In a Shpolskii matrix G{E) = 6{E) and we regain the former result (Section 2). 
Now, also in a non-Shpolskii matrix and even in the strong medium-molecule 
coupling limit [2] (#(£) is a narrow function of £ around £ = 0 relative to £(£). 
The characteristic width of ff(£) isabout <l(XX)cm ' while £(£) is nearly constant 
(around £ = d£^) within this range. We thus may take F(AE^ — E) out of the 
integral in l.q. (3.12) at the point £ = 0. obtaining 

I I = K Z K»h I = K (3. 1 4) 

mi mi 

where W,, is the dcctiy rate of the vibronic level si in a Shpolskii matrix, or rather in 
an isolated molecule. 

We have thus demonstrated that a direct coupling to the medium degrees of 
freedom does not modify the decay rate of a statistical molecule. 

4. Numerical Procedures 

We proceed to discuss some mathematical manipulations of the non-radiative 
decay rate, which in the statistical limit can be expressed in terms of the integral 
(3.9). When the functional form of £(/l^./1^,t'‘'‘^’'') allows the application of the 
saddle point method, Hq. (3.9) provides the mathematical justification for taking 
the contribution of only one .saddle point of the integrand in Eq, (2.2) or (2.9) (where 
£ = 0). To exhibit the difficulty encountered in the original approach we may 
consider the zero temperature limit of the non-radiative decay rate in the displaced 
potential surfaces model, where Hq. (2.9) takes the form [neglecting the factor 
exp( -v|\i/2)] 

1 ' 

/x= " j d.vexp Z exp((cT;^.\) (4.1) 

<'^.V - , II 

where now t:^ = {A E - luoj iuu^. The saddle point approximation up to first 
order yields 

j exp(:./ (.V)) dx = cxp(z/(.v„)) (4.2) 

where /(.v) is an oscillating function of z|> 1 and where x„ are the saddle points 
of / (.v). In Eq. (4.1) we have 

z = r.^\ /(.v)= -ix+ ^ Z i cxp(/w^.x) 

*-x M 


(4.3) 
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SO that the equation for the saddle points is [1] 

i Z x) = E, . (4.4) 

Provided that Xq is a solution of Eq. (4.4) then every .x„ which satisfies 

x^ = Xo + 2nn -, n = 0, ± 1. ±2, ... (4.5) 

is also a solution of this equation. If the normalizing frequency will be taken 
as the largest possible one, wjv"*, then Eq. (4.5) spans all the solutions of Eq. (4.4). 
Any interval of the length 27t on the real x axis corresponds to one and only one 
solution .x„ whose real part lies in this interval. The solution which corresponds, 
say, to the interval (0, In) was obtained by Freed and Jortncr [1]. Denoting this 
solution by Xo and its contribution to the sum in Eq. (4.2) by /o(e„). it is easy to 
show that 


L^loK) Z exp(-27t/MEj = /o(E„) ^ <i(E„-.s) (4.5) 

n - X 4 — - 

which is equivalent to F,q. (2,12). The justification to replacing l-.q. (4.5) by the 
equality / = /o(e„) is provided by Fqs. (3,1 3.9). 

Eq. (3.9) constitutes a convenient starting point for numerical computation 
of the non-radiative decay probability. It is easy to see that as e„ in Eq. 0.9) is an 
integer (as energy conservation is expected^), Eq. (3.9) is independent of the 
chosen normalizing frequency This fact suggests the following approximate 
numerical procedure: 

1) and will be approximated by integers chosen so that they all 
have a large common integer divider. 

2) The largest common integer divider of A and of {tu^} will be applied for 
the calculation of the integral (3.9). 

3) The integral in Eq. (3.9) will be computed numerically using any con- 

ventional numerical integration method. As, according to ( 1) and (2), e„ and {w^} 
are relatively small numbers, (for example, choosing = 50 cm “ ‘ in calculating 
the intersystem crossing rate in Benzene, performed in the next 

section, wc have e„ = 600 and {w^} = 10-60) the integrand in Eq. (3.9) is not a 
strongly oscillating function [a.s, for example, the integrand in Eq. (2.2)J and the 
integral is easily evaluated by numerical methods. 

It should be noted that the choice of a large value of for the computation 
of the integral (3.9) should not be confused with the inequality (3.1), as this 
inequality has provided the ideological basis for deriving the result in the sta- 
tistical limit [Eq. (3.9)] while now we are just engaged in approximate numerical 
calculation of the integral in this equation. 

Wc shall now proceed to apply this technique to a real physical system. 


■ It may be shown, in fact, that if is not an integer. = 0. This should not worry us as from 
bq.O.ljit is clear thatE, should be taken as the integer closest to the real value of IK^.Ikov 
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5. Intersystem Crossiiig (T, -►Sj) in the Benzene Molecule 

"^e procedure outlined in the previous section will now be utilized to compute 
the intersystem crossing rate from the vibrational level of the electronic 
state of the Benzene molecule to the ground electronic A j ^ state, utilizing Eqs. (2. 1 ), 
(2.2) and (2.4) for the non-radiative d«:ay rate and making use of the molecular 
parameters given by Burland and Robinson [ID]. This transition is characterized 
by two promoting modes (C stretching. 0 , = 13 13cm-* and H bending, oj, 
= 1147 cm * which are characterized by a b 2 y symmetry); by two totally symmetric 
modes of non-vanishing origin displacements (C-H stretching, a> = 3063cm~‘, 
d = 0.3, and C— C stretching, <0 = 990 cm'*, A—IA), by the frequency changes 
tabulated by Burland and Robinson [10] and by an energy gap, d £ = 29650 cm * . 

Making use of the procedure outlined in Sections (2) and (3) the non-radiative 
decay probability is [lb] 


where 


(5.1) 


/„=— - J </xexp(-/c„x) {1 + -^.— [l-exp(2/a»„x)][ 

X II 1 1+ [1 - exp(2itT)^x)]| (5.2) 

X cxD I - y ■ .1 

'7 /(„ + 1 +(^»- Oexpdfo^x)) 

where now 


in which 5[,'’ is the difference in frequencies between the two electronic states. 

In order to check our numerical method we have chosen w^ = 5(X)cm-*, 
50cm-' and lOcm'*, modifying each time the molecular frequencies and the 
elTcctive energy gap so that and {ib^} are obtained as integers. As a rule, r.^ and 
{w^} were chosen to correspond to the integers closest to the values of 

and of {to/wiv} respectively. 

From the results summarized in Table 1 we may conclude that our mathe- 
matical approximation is valid, in particular, we note that the results are 


Table 2 . Average valuc.s for the integral f„ for 


cm ■ ' 


500* 

50 

10 

Average result for mode 1 (cm" ') 


l.TjrlO "■ 

7,0 X 10"” 

7.3xl()-'’' 

Average result for mode 2 (cm “ ' ) 


1.4 X 10 ”• 

6.0 X 10"’’ 

7.2 X 10 


" The relatively large average in the case of <»« = 500 evolves from the contribution of the “low” 
28500cm" ' gap. 
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(Ae«IO-*)cm-' 

l iH I Ihc energy gap law in the low temperature limit of the T, -.Su transition in the benzene 
molecule I hesc results were obtained by numerical integration of Eqs. (5.1) and (5.2) using the spectro- 
scopic data of Hurland and Robinson (Ref. [ lO]) 


practically insensitive to the choice^ of Taking for each lOf/ the average of the 
live results (displayed in f able I) we obtain the final values summarized in Table 2. 
The physical implications of these numerical computations may be summarized 
as follows: 

a) The inclusion of frequency changes is crucial for a semi-quanlitative 
calculation of the non-radiativc decay rate. The numerical results obtained from 
I'.q. (4.2) with taken as tinity for every /i, are three orders of magnitude lower 
than the results displayed in Table I. 

b) The energy gap law is retained (I'ig. 1), but the decrease of the non-radiative 
decay rate as a function of increasing the energy gap is slightly modified when 
frequency changes arc included. The energy gap law may be approximately 
represented by the relation 

~ A exp( ->•/! E/h(i)^) 

where from l ig. 1 we obtain vs:4, while for the displaced undistorted potential 
surfaces mixlcl we have y = 2 [1]. This result is reasonable, as with the inclusion 
of frequency changes the contributions of low frequencies which are strongly 
mixfificd in the electronic transition, becomes more important. 

c) Following Fischer and Schneider [9 b] we may add a displacement of 
.1 = 0.9 for the ( 1 584 cm “ ‘ ) C C stretching mode. This modification causes an 
increase by a numerical factor ~40 in the calculated non-radiative decay rate"*. 

d) Repeating the calculation of Eq. (4.2) using Burland and Robinson's data 
[10]fortheC<,D(, molecule we obtain^ [] ^ I^ =9x lO"^' cm“‘;j []^^''^/2 

M ft 

= 4 X 10 cm We may conclude that the non-radiative decay rate of C^Db 
is lower by about four orders of magnitude than that of the molecule. 

c) Utilizing the results of Table 2 and taking C,, = 1.6x 10“‘ cm"‘ [10] 
we may calculate for the T, — Sq intersystem crossing in the benzene molecule. 

' The lluciuations of the result us functions of AE should not worry us as they Just represent 
the non-uniform distribution of j|/,^) levels resulting from the “round olT approximation. This effect 
us mo.sl profound when we choo.se (u^-.'OUcm '. 

* The incrca.se is much more profound (about three orders of magnitude) in the case of dcutro- 
ben/ene. 
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Table 3. Theoretical intersystem crossing rates in the benzene-H. and benzene-D» molecules 




C.H, 

C.D, 


Present work 

7.2 X 10 ’ sec"' 

5.6 X 10"*’ sec' ' 



2.6 X 10 

1.2 X 10 ■■'sec** 


Burland and Robinson [10] 

9.04 xlO'‘ see"* 

1.18 X 10"*‘’sec’ ' 


Fischer and Schneider [9] 

7.4 X 10'^ sec"* 

3.1 xl0‘*sec'* 


Experiment [10] 

2.4 X !0~^ see"* 



* Using Fischer’s and Schneider's data for the displacement of the deformation mode. 


Our numerical results together with previously obtained results of Borland and 
Robinson [10] and of Fischer and Schneider [9b] are summarized in Table 3. 
The results of Burland and Robinson are based on an approximate level counting 
procedure. The results of Fischer and Schneider, which are obtained from a 
formalism equivalent to ours attempting to incorporate both frequency changes 
and unharmonicities are doubtful, as they are based on the unjustified expansion 
discussed in Appendix A. 

The results presented in Table 3 should be compared with the experimental 
result [10] W^sslAx 10"^ sec"'. The difference of about three to four orders of 
magnitude is probably caused by the neglect of unharmonicities [13, 10]. 

We have obtained the worst agreement reported up to date between theory 
and experiment for the T, -► Sg non-radialive decay probability in the benzene 
molecule. However, we feel that the numerical results presented herein provide 
the first correct calculation of the non-radiative decay probability of a harmonic 
molecule. It is not surprising that the neglect of unharmonicities yields a rather 
serious underestimate of the decay rate. At present no systematic valid procedure 
is available for the incorporation of unharmonicities. (The Fischer Schneider 
procedure [9] is unfortunately invalid in view of unjustified expansions of the 
generating function.) People interested in this field should attempt to derive the 
density matrix (i.e., the Green’s function [11]) for an unharmonic oscillator and 
use this result for the evaluation of the generating function. 

The goal of theoretical chemistry is not to reproduce experimental results but 
rather to provide general relations and correlations. In this context, the general 
formulation of the non-radiative decay of a model harmonic molecule in the 
statistical limit is of considerable interest. 


Antendix A: A Comment on the Convergence Problem 

Lin and Berson [8], Freed and Jortner [lb], Fischer [7] and others [6,9] 
have used expansions of the form 

F(i exp(icol)) = 1 4 - + ■■■ 


(A.l) 
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where F is some function and { 1 is a small parameter, in order to simplify the 
generating function obtained in the theory of radiationless transitions in the 
statistical limit. Most of the available expressions [1,6-8] for the non radiative 
decay rate of a large molecule characterized by displaced and modified potential 
surfaces and also Fischer's attempt to include unharmonicities in the theory [9] 
utilize such expansions and neglect high order terms before evaluating the 
necessary Fourier transform of the generating function. We now wish to demon- 
strate that such an approximation which neglects the higher order terms is 
unfortunately justified. To this end we shall compare the contributions of the low 
order term.s which are usually retained in the approximate expression and of 
a higher order term which is usually neglected. Suppose, for example, that E/oj 

■Jb 

is an even integer and we want to compare j dr exp[ — /£( + ^ exp(iait)] and 

* i 

j Jr exp[ i£r 4 exp(2/<iir)]. Fxpanding the integrand in the form 


it is easy to get 


expfij cxp(rfijr)J= ^ 

II (I 


- expl/ntar) 
ri ! 


(A.2) 


/ / r« 

j Jrexp[-/£r-f-i;exp{io>r)] = 27t ^ -- S{E-n(i)). (A.3) 

< n-O ^ • 

In the statistical limit it may be shown that (5(£-n(o) may be replaced by 
<)f This may be proved by utilizing the same procedure which leads to Eq. (3.9) 
and noting that 

2k tn 

I Jrexp[-i£r + <Jcxp(r(of)] = 27t--t>£„„. (A.4) 

(I rt . 

Thus wc get 2n , where s will be an average over the contributions from 
(£/<o)! 

many modes. 

In the same way, we get 

f iz2\tl2ta 

j Jtexp[-(£t-t-^^cxp(2rrar)] = 27t (A.5) 

(tiiui)'. 

which is greater than the first result for every ij. Of course, higher order terms 
0(s") with a>2 lead to vanishingly small contributions. Thus one cannot get 
away by neglecting terms of the order ofO(i*^) in the expansion (A.l), and one has 
to retain the terms up to /n = ( £/<o). This conclusion is supported by numerical 
calculations performed by us on Eq. (4.1). 


Appendix B: Verification of the Identity 


Starting from 


jf 

/= j Jxexp( — iax)F(.\) 


(B.l) 
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where F(x) is a periodic function of x, characterized by a period of Zrt, we proceed 
as follows [12]: 


00 2«(n+l) 

E I dxcxp(-fax)f(.x) 

n= -oo 2%n 

® 2 * 


(B.2) 


= Z “P(2rt»na) I </xexp(— iux) F(x) 

»» -ot) 0 

where in each integral we have replaced x by x - 2n Relation (2. 1 2) is now easily 
verified by utilizing the identity 


21 

£ exp(27t/nu)= Y, (B.3) 

R — — 3’ S * — iTU 
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A truncated multi-configuration SCF formalism is presented vrhich is particularly suited to 
describe correlation effects in semiempirical molecular orbital methods. The orbital energies reflect 
a correlated. SCF-like description of the situation of electrons in molecules. On the basis of symmetri- 
cally orthogonalized atomic orbitals approximations are introduced which lead to CNDO and 
INDO like methods. Consistency requirements lead to a new formula for the fi integral. The method 
can be parametrized so as to yield good ground state potential surfaces The orbital part is demon- 
strated in the simple case of H^. 

Key words: .Semiempirical MO theory - Multiconfiguration SCH formalism 


1. Introduction 

Semiempirical molecular orbital methods have a great deal of attraction 
among chemists these days. However, to our knowledge, there exists presently no 
semiempirical method which includes correlation clTccts in a theoretically satis- 
factory and practically useful fashion. CNDO and INDO methods were designed 
by Pople and collaborators [1] to reproduce dipole moments and equilibrium 
geometries, but fail to predict binding energies and force constants [2]. Since the 
binding energies are in general too large, it would be meaningless to add a configu- 
ration interaction formalism to the existing scheme. Dewar and collaborators 
have designed a sequence of MINDO methods and managed after extensive use of 
adjustable empirical parameters to obtain both equilibrium distances and binding 
energies [3]. Both methods are based on the SCF formalism and thus unable to 
describe potential surfaces far from the equilibrium. 

We propose here a procedure which allows with little empirical adjustment to 
retain the attractive features of both Pople’s and Dewar’s work, namely to be 
theoretically justifiable and practically useful. For this purpose we develop a 
modified and truncated multi-configuration SCF formalism. In this formalism 
we introduce systematic approximations by means of a symmetrically ortho- 
gonalized AO basis [4]. Various levels of ZDO assumptions lead to CNDO and 
INDO like methods. The consequences of the ZDO assumption are reflected in 
the representation of formulas of the remaining integrals. In particular, a new 
formula for the P integreil is derived which reduces the number of adjustable 
parameters considerably. 

* PennancDt address; E>epaitment of Chemistry, Saint Louis University, Saint I.ouis, Missouri 
63156, USA. 
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The definition of a multi-configuration SCF operator after a Cl step yields 
orbital energies which are physically more meaningful than SCF energies, in 
particular, at distances far ftom the equilibrium. This is demonstrated for the 
simple case of H 2 . For polyatomics the use of a localization procedure is suggested 
to reduce the number of configurations for dissociation. The involved relation to 
the orbital picture is briefly discussed. 


2. The Extended Hartree-Fock Method 

In our di.scussion of correlation effects, we restrict ourselves to intra-shell 
pair correlation. The total wuvcfunction is approximated as a linear combination 
of the dominant Hartrcc-Fock configuration and doubly excited configura- 
tions V', of closed-shell or open-shell form. 


with 


r = 


f' = .4„'Fo+ I 

i 1 

v’2V’2-- 

C/’i Ti '/’2'7’2 VViTv- - V’nV’,) dosed shell 

\ ((V’i' 7 iV' 2 >r ’2 - VVV’,- -VV'7J open shell 
V 

-(V’iir’iV’2'f2---V‘V'/\---V’„'7J3. 

1 ^k^n, p,q> n . 


( 2 . 1 ) 


For convenience, we use the abbreviation i for (fc, p) or (kk.pq). The set 
V'o. V'/li - I .../) is orthonormal. Usually the multiconfiguration Hartree-Fock 
equations [5. 6] are derived by a variation of the following energy functional with 
respect to the MO's 1 /’ subject to the orthogonality conditions. 


t = <'P|H|V'>/<'P|'P> (2.2) 

= (/I5W„„ + 2 X XAf^ 

with 


The coefficients A are determined by a secular equation. 



£^y) = 0. 


1 = 0,1.../ 


(2.3) 


We suggest another way of arriving at (2.3). This will open the way to eigen- 
value equations of an extended Hartree-Fock Hamiltonian which appears to be 
particularly useful in semiempirical methods. We shall show later that the resulting 
eigenvalues can be physically interpreted. 
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If we consider the exact eigenfunctions of the system's Hamiltonian H, the 
following equality holds 


With (2.1) the energy takes the form 


with 




(2.4) 


Concerning the determination of coefficient >4, and energy £. (2.4) is equivalent to 
(2.3) also in a finite expansion. In particular the total energy of the ground state is 
represented as a sum of Hartree-Fock energy and correlation energy in a simple 
form. 

£ = Hoo+ H fljWoy with aj=AJAo- (2.4a) 

1 

Such an expression has also been used by Oksiiz and Sinanoglu [7]. The /4, are 
determined by (2.4). If the molecular orbitals V; used in (2.2) and (2.4) are the same, 
the ground state energy values of (2.2) and (2.4a) will be the same. However, 
variation of (2.2) and (2.4a) with respect to the MO's v’( leads to different multi- 
configuration SCF operators, hence to different v’,. In general, (2.4) will yield less 
correlation energy than (2.2) at intermediate intemuclear distances. Disso- 
ciation is. however, described properly. The advantage of this extended Hartree- 
Fock operator is the linear form of correlation energy in the At which makes the 
eigenvalues e-t of such an operator the straightforward generalization of the eigen- 
values of an SCF operator. This is not the case for the multiconfiguration orbital 
energies of Das and Wahl [5] or Veillard and Clementi [6]. 

In the following, we shall demonstrate the derivation of a multi-configuration 
closed-shell case. A generalization to open-shells is straightforward. The total 
energy expressed in integrals over MO's i ( s yv) is 


£ = 2 1 //)r' + 1 2J,j - K,j + Z 

i ij k.p 

Jij =("\jj) (2.5) 

f^ij =(ijUj) 

=(*/’!*?) 

MO’s k, H of ^0 are replaced by p, p to form a representative doubly excited con- 
figuration. Variation of the energy subject to the MO orthogonality conditions 
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yields 


with 


> 

F,=Ff^+W, 
Wi= la„Wa. 

1>H 


( 2 . 6 ) 


Wc obtain an explicit form for in the following way. Since does not depend 
on V', for i k, it holds that 


for i — k can be rewritten as 


with 






so that 


ka)\ ' ip(i)p(2)><fc(ni 
^12 

|^(l)><p(2)p(l)| -' Ik (2) 
''12 

wip=i(K,+ K)- 


(2.7) 


Kor the unoccupied SC'F orbitals i=p the coupling operator is obtained by 
exchange of k and p in (2.7). Also = < 1 *^' hold.s. The coupling part of the Hamil- 
tonian then takes the final form 




0 i = \ ...nj^k, 

for / = k. 


> = P' P>"- 

k 


( 2 . 8 ) 


Because of the diflerence between (2.2) and (2.4) the coupling operator fTis only 
half of the one in Wahl's paper [5]. A similar form to (2.8) appears in Kutzelnigg's 
approximate natural orbital approach [8]. 

The non-diagonal Lagrangean multipliers e^j can be absorbed by the use of 
orthogonality relatioas [5]. The final equatioas then take the form 


(f,.-Ri)|i>=€,l«> 

^ (2-9) 

Ri= l\j><j\F, + F,\jy<j\. 

In practice, one cycle of the following three steps will be sufficient to obtain an 
improved SCF-like description: 1) Solution of the SCF equations, 2) Deter- 
mination of the Cl coefficients A by means of (2.3), 3) Solution of the EHF equa- 
tions (2.9). Repetition of this cycle will not lead to new aspects, but may involve 
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convergence problems, so we do not advocate it here. The energy can then be 
written in the following way 

i 

= + + (2.10) 

i 


The orbital energies play here the same role as in SCF theory, but include corre- 
lation effects. 


3. CNDO and INDO Forms 

To relate the formalism of Section 2 to approximate molecular orbital methods, 
we expand the MO's in AO's and write the EHF equations in matrix form 

(Fi-Ri)Ci= e,Ci i=l...M /)... 

F,.= i^'-+ W;. (3.1) 

Ri=I(SCjC]f, + F*CjC)S). 
j 

We concentrate now on the representative operator F*. Its elements are 

F = + VF 

with 

F^''=HSr+ I F^[;(Fv|e<T)-i(Fe|vff)] 

ff,(r 

=iZ Z ^'j»^r«,[(Frlew)S„v4- (VT|ew)S,^ 

f/.a T.u) 

ocs: occ 

=2Zc,,c,„^2lPg<rU) (3.2) 

i i 

^xa) Z ^px^pal^kp • 

P 

In the following symmetrically orthogonalized AO’s [4] will be assumed, which 
lead to further simplifications 

Ri ='£CjC]Fi + FfCjC] 
j 

i Z Z ^'<»C^e.(FT Ipw) + F;,(vt I eto)] . 

0 T.O) 


(3.3) 
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Various levels of approximation will be considered: 
a) C NDO form 

g*ll 

Ku ^ T P'g>‘P'i,Mt^\eg) 

Q 

= iT P’9y^''i,Mt^\eQ) + P'ggP"gAvv\QQ) 


(3.4) 


so that 


3 Y. ^Pev+ P'sl‘P'el‘^^^^^^\gg) 

Q* n 


(3.5) 


/■ „V - nr -WPuy- (P’uu + P\mnti I ‘’V) 

+ 2P'^v(P'!,^+ P'^ v)^^i^i\n^^) 

-t 2 L Pr‘'l>^f^f‘\g(i) + P'g„P'iA^'''\ee) ■ 

g*H.v 

It is widely believed that semicmpirical SCF methods can cccount for corre- 
lation by empirical adjustment of parameters. How much of this is true will be 
shown in the following. We try to reduce the F,HF equations (3.5) to an SCF form: 


= nr + 2 P„Mn I /rid' + Y Pggiftp lee)' 


g* n 


with 


(/</^lee)'= [ 


P' F' 

j 1 2 i‘i‘ Hit 

P.... 


](PP\PP) 


(3.6a) 


I !(///< lee) 


with 


Pgy = nr - \Pgy(PP I vv)' + d. 


(jriri*' 






(HH\vv) 


(3.6b) 


d„v= \PgviPl^+ P'^,)(PP\PP) 


+ i Z P'gvP'l,^MQQ)+P'tniy(^^\eQ)- 

« *«.» 
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From (3.6a) it appears that modified one- and two-center repulsion integrals 
could be introduad which would keep the SCF formalism intact. However, 
(3.6b) shows that the modifications to be introduced here are not consistent 
with those in (3.6a). Also a new term appears which has no analogue in SCF 
theory. It is hard to conceive that the modihcations for parametrization intro- 
duced in (3.6) would be satisfactory even under further simplifying assumptions 
in a particular class of molecules with fixed geometries. It is obvious from there 
that previous attempts of reparametrization had to fail [9. 10]. Caution was 
expressed already in Hansen's paper. 

Equations (3.5) involve only four types of parameters 


a. = V V) . 


whose evaluation will now be attempted. In the calculation of oc we follow Pople 


with 


A 


t/AB = 


^tB 

)’AB 


CNDO/1 

CNDO/2. 


(3.7) 


It .should be noticed here that in the choice of W^) Pople does not (!) 

follow his invariance requirements. He drops the invariance under hybridization. 
But this is not serious, since recent work shows [11, 12] that invariance under 
hybridization is not a necessary, but sufficient condition for the invariance of the 
SCF equations. 

To evaluate (i, we use our own studies. We have shown that in polyatomics 
[13, 14] 




- I sly dS^y 
R-- 


(3.8) 


and in diatomics [ 1 5] 


I'-Sly 


P„y- * 

^ I 


(3.9) 


holds. 

The simplest approximation for the two-center integral better than Linder- 
berg’s [16], which was proven to be unreliable [13], would then be 


Pub * ^ + “i) + - «fc)] + ^ + “*) 


= y + daj) + x^(a, - + d - datb)] + 


(3.10) 
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In the spirit of the CNDO method we put 


with 


<da„ + Jafc= -dZy^B (3.11) 

J Z = Zyl — Z/^ + Zg — . 


,\Z can be used as an adjustable parameter, e.g. to adjust the binding energy. 

Since it is well known that the electronic Coulomb integrals over ortho- 
gonulized <trhituls do not differ considerably from their non-orthogonal counter- 
parts. we iigain follow Pople to put 


VaA = OU/Ul/tA/U) = I ‘■A^’A) = (SaSa I«A‘Va) 


>'ah — (I'aPa I — ('a-^a I *b*b) • 


(3.12) 


I he total energy including nuclear repulsion can be separated in “atomic” and 
“interatomic" parts. 


K - 1 ( ^ hj^r) + E 

A A<B 

M.v 

hv =r r(2P,jf„,-ip,v/AB) 

n V 

+ bb(^^ba + ^ aa^ bbVab (3.13) 

/••A " = [ i E I pjk)P-jk)P'’jk)yy^^ 

k II V u 

= t E E^ E E" P.Jk)F^M)P''Jk )] y^B • 


h) lNIX)/drnw 

L*St> _ L’Stl'.C'MXJ 

^fiv ^ uv 2 * IM V*^A„Av 

i/*ii 

Kr = + i E^“ + P',ir^Mpe) 

9 

+ iT'^(P',,P"i,,+p'M(yQ\yu) 


(3.14) 
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SO that 

a*it 

Ffiv = F^ ~ 

+ ^l^(P,,P“aa + Pa^P;,MQ\l^Q) 

a*tt 


(3.15) 


+ il^'(n./^j,+p;,p''v)(veivc). 

# V 


In addition to the CNDO parameters, exchange integrals appear. For the same 
reasons as in the CNDO part, all two-electron integrals are evaluated over 
non-orthogonal orbitals according to Pople's procedure. Differences arise in the 
evaluation of = and = H“"- We have shown previously [15] that 
in diatomics 


\-SL 


. - y ( 1 - |/l - Si,) (5^ - 5,) - 


(3.16) 


holds. A combination of (3.16) with (3.8) yields 

- I (1 


a« = a«- y 


\/ 1 ” Slh) —(1 —X^) - - . Sab 

T-Si' R 


<(S„ 

dR 


(3.17) 


In the CNDO method Pople neglected the second and third term in (3.17) and 
we followed in (3.7) to keep in line with the CNDO invariance assumptions. In 
the IN DO method however, the neglect of these terms cannot be ju!>tificd. 

To obtain a valid formula for we use again (3.10). but replace (3.1 1) by 

da,= K„a„. (3.18) 


K is considered as an adjustment parameter. The total energy is again separated 
in atomic and interatomic, SCF and correlation part 

£ = I + ED + Z (£?b + E'a'S^I • (3- 1 ‘^) 

A A-^B 


For reasons of convenience, we do not list the detailed expressions, they can be 
obtained similarly to the CNDO approach. Differences will not only arise 
through the appearance of exchange integrals, but also through modification of 
a’s and ^s. 


4. Orbital Descriptioa of the Ground State of 

To demonstrate the consequences of the foregoing sections, we- choose the 
simple example of the ground state of H^. Let us take, for convenience, a double 
configuration wavefunction which allows for proper dissociation. 


'F = Ao't'o + A^'Fy 


(4.1) 
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with 

V'o=l.vff,(l)lsff,(2) 


V', = lsff^(l)l.svT^(2). 

The first term represents the Hartree-Fock part, the second the correlation part. 
We now approximate the MO's as a linear combination of symmetrically ortho- 
gonali/cd AO’s a. h 

J (4.2) 

‘ y i 

Under neglect of differential overlap the elements of the EHF operator take the 
form 




1 A, 


I 'T - /U + 


1 A, 


1 


1 A, 


(4.3) 


(aa\aa)- 1 1 -t- ‘h j 

^ I 


4 .4,, ' ■ ' 2 

For A I -■ 0 we obtain the well-known Harlrec-Fock elements 
f'fa' =afl-+ 2(o<i|(m)-l-(oa|/)/)) 

/■T = l^«h- i{aa\hh). 


(4.4) 


If we wish to reduce the diagonal part of the EHF operator to SCF form, we can 
put 


(u«lu«)' = |l -I- ~ j(«w|uo) 
[aa\hhY = j(««|/)/)). 


A^iA„ is negative, as can be seen from the secular equation 

■4 1 _ //()Q — E 

4(1 //qi 


(4.5) 


This implies that the single-center repulsion integral is decreased, whereas the 
two-center integral is increased. The maximum change occurs for large inter- 
nuclear distances where /I ,//lo - 1 and amounts to 50 “o decrease for the single- 

center integral and 25 "a increase for the two-center integral. Unfortunately, this 

parametrization cannot be applied to f Here, {aa \hb)' must equal 1 1 -l- v ' 7 ^ 

\ 2 Aq 

and an entirely new term {aa | aa) appears. We conclude that it is impossible to 
define modified one- nad two-center integrals consistently for both diagonal and 
non-diagonal elements of the EHF operator. 
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We now proceed to the orbital eigenvalues. From symmetry reason, the 
MO’s and tr^ are orthogonal. So the orthogonalization operator K can be 
dropped. Since the AO’s are also orthogonal, we obtain 

pEHF _ pEHF . rtHF 

fc+ — r- „ -F r 

1 / A \ 1 / ^ \ 

= <^a + Pob+ y yU“ --A(aa\hh) 

whereas the Hartree-Fock energy would be 

= <*« + /!«*+ i(aa|/)h). (4.7) 

The total energy is in both cases 


so that 

= 2[a, + PJ+ ^'^^{aa\ua)+ ^(l - 

= 2(ix^ + fi^^)+ \ (aa\aa)+ 


(4.8) 


For large internuclear distances as /? -nx'. .4 , the set of formulas appears 

as follows 

= a^ + i(ao\aa) 
fjr = -i(afll«(i) 

= a, (4.9) 


fli*" =a, + j(aalaa) 

=x„ + \(aa\aa) 

’■ = 2a„ + 2(«« I a«) 


(4.10) 


Most noticeable is that the EHF formalism does not only yield the correct total 
energy E but also the correct orbital energy c. An earlier paper on by Hansen 
[9] used a Cl formalism and did not give this insight. Finally. Wahl's formalism 
with a twice as large coupling operator would lead to c+ -*a, - ^(aa|«a) for 
£-»oc. So Wahl’s orbital energies do not reflect the physical situation. 


5. Discussioo and Cooclusion 

In this paper, we have developed an Extended Hartree-Fock formalism 
suitable for semiempirical molecular orbital methods. The advantage of the fact 
that the correlation energy is represented linearly in the coeflicients /I- in Fx). (2.4) 
leads to an SCF like orbital approach reflected in Eq. (2.10) for the total energy. 
In the case of Hj we demonstrated that the eigenvalues of the EHF operator 
have physically interpretable characteristics, in particular they follow dis- 
sociation properly. To treat polyatomics efficiently, further assumptions about 
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the MO’s wouJd be necessary. Work now in progress wilJ use Boys’ localization 
procedure [17] to keep the number of configurations in polyatomics as small 
us possible. This is not only easier, but supported by recent results for CH 4 [18] 
that, contrary to conclusions by Sinanoglu [19], intra-pair correlation in loca- 
lized orbitals is dominant. There are some questions with the orbital picture 
when the Cl part is based on localized orbitals. The following steps would be 
necessary to keep as close as possible to the delocalized SCF part: 1) Solution of 
the SCF equations. 2) Localization of the MO's. 3) Solution of the secular equa- 
tion, 4) Definition of an FHF' operator based on localized MO's, 5) Solution of the 
F'.HF equations. In general, this last .step will partially delocalize the MO’s so 
that the orbital energies 1 : will be physically descriptive. In CNDO and INDO 
like forms with minimal basis sets, left-right and angular correlation can be 
partially accounted for. But there is no way to include in-out correlation. 

We have already applied the new parametrization of fi integrals in the CNDO 
and INDO forms of the theory. Most encouraging results for potential curves and 
force constants will be published elsewhere [ 20 ]. 


Aiknilwliuliicmfni I apprccialr the hospitality of Prof H. Preuss during my stay m his institute. 
I lhaiiL I )r. W, Meyer for a diseus-sion about some a.specls of ilic correlation problem. 
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L’utilisation d’orbitales localisees dans I’etude 
theorique des molecules 

I. Les hydrocarbures Saturcs 

Ph. Degand, G. Leroy el D. Peelers 
Labiuatoirc de Chimie Quantique, Louvain. Belgique 

Rccu le 8 ttvrier 1973 


Use of Localized Orbitals in the Theoretical Study of Molecules. 

I. Saturated Hydrocarbons 

The five simplest ulkunes have been studied in terms of localized orbitals. The transferability of 
the Fock matrix elements in this basis allows us to elaborate a simple parametric procedure adapted 
for saturated hydroearlHins. Some original applications of this procedure arc performed. 

Key wiinls: Localized orbitals Saturated hydrocarbons 


Introduction 

Les orbilales canoniques oblenues en methode LCAO-SCF-MO sent dclo- 
culisces. Gr§cc a une transformation unilaire appropri^ on pent les localiser 
dans dilTerents domaincs mol^ulaires conformement ^ I'intuition chimique. On 
obtient ainsi des orbilales localisees au niveau des coeurs d’aiomes, des liaisons 
chimiques el des paires libres. 

11 existe differents precedes de localisation [I 5] dont les rcsultats sont 
generalemcnt comparables. 

L'utilisation des orbilales localisees en chimie quantique continue a fairc 
I'objet de nombreuses recherches [6 7], 

Ainsi, certains auteurs modifient I'hamiltonien monodlectronique de maniere 
a obtenir directement des orbilales localises [8 -10]. D'autres [11-14] utilisent 
une base de fonctions localisees dans des calculs ah initio. 

De son c6te, Rothenberg [1 5] a demontre clairement le caractfere transferable 
des orbitales localisees C-H oblenues par la methode d’Edmiston-Ruedenberg [2] 
[F..-R.]. 

Dans ce travail, nous etudions de fagon approfondie les proprictes des orbitales 
localises oblenues par le precede de Magnasco-Perico [4] [M.-P.]. Celui-ci 
consiste essentiellement a rechercher la matrice de transformation qui rend 
maximum une fonction de localisation deiinie en termes de populations locales de 
coeurs, de liaisons et de paires libres. Nous avons choisi ce precede a cause de la 
simplicite des calculs qu'il requiert et de la similitude que presentent ses resultats 
avec ceux de la mdthode E.-R. Nous avons tout d'abord localise les resultats 
ah initio obtenus dans une scrie d’hydrocarbures satures, grace au proc^e M.-P. 
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Les rcsuJtats de la localisation sont presentes dans le premier paragraphe. Les 
details techniques et la description du programme de calcul terit pour un ordi- 
nateur IBM 370/155 seront publics ulterieurement [16]. 

Dans le second paragraphe, nous proposons une methode parametrique 
exploitant la transfcrabilite des orbitalcs localisees et de leurs proprietes. 

C'cttc methode, prealablement lestee sur des molecules dej& etudiees, est 
egalement appliquee a quelques nouveaux syst^mes. 

l^s calculs decrits dans cc paragraphe ont ete elTectu^ sur un ordinateur 
I BM 1 130 ce qui illustre la simplicite de la methode. 


R^sultats et discussion 

Nous avons localise les rcsultats des calculs ah initio effeclues precedemment 
I IS I sur le methane. I'elhane, le propane, le butane normal et I'isobutane. 

Les coefficients LC’AO-.SCF-LO supericurs a 0,05, prealablement recalcules 
en ulilisant un systeme d'axes de reference unique, sont repris dans les tableaux 
I, 2 el 3. Nous y donnons egalement le degre de localisation de chaque orbitale 
localisee ainsi que le pourcentage s des differentes liaisons. 

Le elegre de kKalisation est apprccie en caleulant Pccart entre I'orbitalc con- 
sidcree et unc orbitale strictement localisee fl*’. Par definition nc contient 
que les t)rbitales eorrespondanl au eoeur t>u a la liaison considercc affectccs de 
coefficients renormaliscs. 

I.'ccart quadratique est calculc par la formulc (1): 

(?.= ( 1 ) 


que Ton peut dcv'clopper comme suit; 

P V 

.S’p, est une iiitegrale de recouvrement dans la base alomique; Cp, et designent 
respect ivement les coefficients LCAO des orbitales localisees cl strictement 
IcK'alisccs. 

Quant au pourcentage s d’unc liaison, on I’obtient grace a la relation (3): 


■'ah 




avec n = .s, p^, p^., p. 


(3) 


Les resultats repris dans les tableaux 1. 2 et 3 illustrent le caractere transferable 
des differents types de liaison. 

En particulier, les coefficients importants sont peu modifies d’un compose 
a I'autre. 

On notera aussi que les orbitales de coeur sont plus localisees que les orbitalcs 
de liaison. 

Celles-ci renferment en effet, des termes non negligeables provenant des 
atomes voisins. 
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Tableau 1 . Caractiristiques des orbitales de cocur 

Orbitale* 

Compost 

Heart 

quadratique 

% S 

Coefficients LCAO- LO 

l.s(4) 

CH 4 

0,007 


1, 02281 l.s) -0,0805(2.1) 

U(3) 

CjH, 

0,007 

- 

1,02231 1.^1-0,0774(2.1) 

l.s(3) 

C,H. 

0,007 

— 

l,0224(l.s)- 0,0770(2s) 

Is (2) 

CsH* 

0,007 

- 

1,02201 Is) -0,0740(2.1) 

ls(l) 


0,007 

- 

1,0216(1.1)- 0,0719(2.1) 


■ Le chiffrc cntre parentheses indiquc le nomhre d'atomes d'hydrogene lies au carbone. 


Tableau 2. (.'aractcristiqucs des orbitales localisccs C H 


Orbitale" 

Systime 

Heart 

quudratique 

% s 

Ccxrlficicnts LCAf) LO'' 

CH(4) 

CH* 

0.012 

28,6 

-(),0651().s) + 0,3413(2.1) + 0,S38K(p) + 0, 4809(H) 
-O.0656(H)(.3.i) 

CH (3) 

C’tH* 

0,01.5 

28,0 

- 0,0647(1.1) + 0,3388(2.1) a 0,5439lp) + 0.4870(H) 

- 0.()677( H )(2s ) + 0.06 1 6( H )* 

('H(3) 

CiH, 

0,015 

27,3 

-0.0641(1.1) 4 0,3358(2.1) 4 ().5479(p) + 0,4g57(H) 
- 0.0690(H)(2.») + 0,0607(H)* 

CH(2) 

falls 

0,018 

26,2 

-().0635(ls)-f 0,3316(2,1) f0,5567(p) + ().48K8(H) 
-- 0.0741(H) f0.0636(H)*(2v) 

CH(I) 

^ 4 (1 

0,020 

26,3 

- 0.0640( 1.1) + 0,3337(2.1) + 0,5582)p) f 0,4908(H) 
4 0.0608(H|*(3x) 


* Le chiffrc cntre parentheses indiquc Ic nombre d’atomes d’hydrogene lies au carbitnc. 

’’ L'astcrisquc * note un atome d’hydrsigcnc en position «con|ugucc» par rapport it Li liaison 


Tableau 3. Caracienstk|ues dcs orbitales localisccs C C 


Orbitale" 

Systeme 

Heart 

quadrutique 

% s 

Coellicicnls LCAO LO'’ 

C(3)-C'(3) 


0,020 

27,8 

- 0,065 1 ( 1 . 1 ) + 0,308 1 (2i) - 0,4967(2p) - 0,065 1 ( 1 s') 
4- 0,308l(2s') + 0,4967(2p') - 0,0575(H)(6x) 

C(3) C'(2) 

CjH, 

0,023 

28,1 

- 0,0676(1 s) f 0,3147(2.1) - 0,4941 (2p) - 0,()653( 1 s') 
+ 0,3077(2.1') 4- 0,5010(2p') - 0,0558(H)(3 x) 

- 0.059)(H)(2x) + 0,0544(H)*(1 x) 

C(2)-C'(2) 

C'4Hio 

0,025 

28,2 

- 0,0667(1 . 1 ) + 0,3 135(2.1) - 0.5a)6(2p) - 0,0667( 1 s') 
f 0.3135(2s') 4- 0,5006(2p') - 0,0585(H)(4x) 

+ 0.0529(H)*(2x) 

C(3)-C(l) 

^4 H ] 0 i 

0,026 

27,4 

- 0,0643(1 . 1 ) + 0,3046(2s) - 0,51 l()(2p) - 0.0679( 1 s') 
+ 0,3150(2s') + 0,4981 (2p') - 0,0578’(H)(3x) 

- 0,0633(H)( 1 X) + 0,0539(H)*(2x) 


* Les chiffres entre parentheses indiquent les nombres d’atomes dTiydrogtite lies aux carbones. 
*" L’astirisque • note un atome dTiydrogine en position «cunjuguec» par rapport & la liaison. 
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HI 


H6 


H3' 


H2 ■ 


Cl C2 


u) rthune: liaisonK conjuguecs 


H5 


H4 

Cl HI el C2H4 
Cl H3 et C2 H6 
Cl H2 el C2 H5 



b) I’ropanc Imisons conjuguccs Cl 111 cl C2C3 
!iu 2' cnlouragc Cl H2 el C2 H5 
Cl H3 el C2 H4 
(1 C2 Cl C3 H6 
C2 H5 Cl C3 H7 
C2 H4 Cl C3 116 

liais«»n^ coniuguces Cl HI cl C3 H6 
au 3' entourage Cl H2 et C3 H7 
Cl H3 Cl C3 H8 

I ig I. l iaisons «coiijuguce.s» dans I’cthanc et le propane 


L'analyse de ces termes conduit a introduire la notion de «position conjugura» 
illustrcc dans la Fig. 1. 

Deux liaisons, separces par une ou plusieurs autres liaisons, sont dites con- 
juguees si dies sont disposees, dans un metre plan, symetriquement par rapport 
a un centre ou un plan de symdrie. 

II est interessant de constater que les orbitales atomiques excedentaires des 
liaisons C- H proviennent d'une ptart des atomes d'hydrog^ne voisins et d’autre 
piarl des atomes d'hydrogdne en «px)sition conjugu^». 

Les coefficients LCAO-LO relatifs aux hydrog^nes conjuguds ont toujours le 
meme signe que le coefTicient de I'atome d'hydrog^ne de la liaison consideree et 
un signe contraire i celui des coefficients des hydrogdnes immdliatement voisins 
de la liaison. 

Des conclusions similaires pteuvent etre tirees de l'analyse des orbitales 
localisies C-C. 

Nous reunissons dans le tableau 4 les contributions de chaque orbitale loca- 
lise aux pTopulations totales des atomes, dans les trois premiers comp>ose etudies. 
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Tableau 4. Contribution des orbitales localisies aux populations toialcs des atomcs 


CM* 

O.L. 

l5 

ClHl 

ClH2(3x) 







Atome 











Cl 

2 

1,20 

1,20 








ill 

0 

0,85 

-0,02 







C :M* 

O.L. 

Atome 

LsCI 

l.sC2 

C1C2 

Cl HI 

C1H2( 

2x) C2H4<3.x) 





Cl 

2 

0 

1,04 

1,20 

1,20 

-0,02 





HI 

0 

0 

-0,01 

0,86 

-0,02 

0 




C ,IU 

O.L. 

Atome 

Lsd 

l.vC2 

l.sC.3 

CIC2 

C2C.3 

Cl HI CtH2(2v) 

C2H4 

C2H5 

C3H( 


Cl 

2 

0 

0 

1,05 

-0,02 

1,20 1.20 

-0,02 

-0,02 

0 


C2 

0 

2 

0 

1.05 

1,05 

-0,02 -0,02 

1,20 

1.20 

- 0.02 


HI 

0 

u 

0 

0,01 

0 

0,86 -0.02 

0 

0 

0 


114 

0 

0 

0 

0,01 

0,01 

0 0 

0,86 

-0.02 

0 


Tableau 5. Matrice de Fock du methane dans une base d'orbitales Inealisras (u.a.) 



IsC 

Clll 

CH2 

CH3 

CH4 

11 

12 

1.1 

- 11,2112 

- 0,6447 

- 0,6447 

- 0,6447 

- 0,7383 

- 0.1383 

- 0,1.383 

-0,7383 

-0.1.383 

- 0,7383 


14 

- 0,6447 

- 0,1383 

-0,1.38.3 

-0,1.38,3 

-0.7383 


Tableau 6. Matrice de l ock de I'elhane dans une base d' orbitales Inculisecs (u.a.) 



LsCl 

l.sC2 

CIC2 

cull 

Cl H2 

CIH.3 

C2 H4 

( 1 

- 11,2233 







( 2 

+ 0,0177 

- 11,2233 






C 2 

- 0,6112 

- 0,6112 

-0,8.361 





Ml 

- 0.6407 

1 0,0540 

-0,1344 

-0.7.346 




M2 

- 0.6407 

■t- 0,0540 

-0,1344 

-0,1.361 

-0,7.346 



M3 

- 0,6407 

+ 0,0540 

-0,1344 

-0.1361 

-0,1360 

■0,7.346 


'M4 

+ 0,0540 

- 0,6407 

-0,1344 

b 0,0428 

-0,01.37 

-0,0137 

-0,1.346 

'M,5 

+ 0,0540 

- 0,6407 

-0,1344 

- 0,0137 

+ 0,0428 

-0,0137 

-0,1.361 

H6 

+ 0,0540 

- 0.6407 

-0,1.344 

-0,0137 

-0,01.37 

+ 0,0428 

-0,1.361 


A nouveau, ces contributions presentent un caract^re transferable evident. 
Les matrices de Fock des trois premiers alcanes, calculees en base localisee, 
sont reprises dans les tableaux 5, 6 et 7. Elies ont etfe obtenues grace k la relation (4): 

H°^ = tET (4) 

dans laquelle T est la matrice de transformation des orbitales moleculaires en 
orbitales localise et £, la matrice des energies des orbitales moleculaires. 

L'examen des tableaux 5. 6 et 7 permet de faire quelques observations inte- 
ressantes. 




Tableau ' Muince de Fock du propane dans une base d'orbiiales loealis^ tu.a i 
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1. Pour un type donne de liaison ou de termc d’interaction entre liaisons, 
r^lement de matrice garde une valeur approximativement constante d'un compose 
a I’autre. 

2. La valeur absolue des 6lements de matrice decroit avec la distance entre 
les orbitales, dans I'ordre suivant : 

ha > (f>ij)o > (f>Tj)i > (hij)i > (hJ‘j )2 > (h,j )2 10^^ u,a. 

Le chiffre place en indice est egal au nombre de liaisons qui separent les 
orbitales en interaction. La presence de I’asterisquc indique que les orbitales 
consid6rees sont «en conjugaison». 

3. II s’ensuit logiquement que les valeurs des elements non diagonaux depen- 
dent intimement de la conformation de la molecule. 

Le tableau 8 illustre le caractire transferable des elements de Fock dans une 
base d'orbitales localisees. 

Pour chaque element repris dans le tableau, nous indiquons les valeurs ex- 
tremes que nous avons relevees ainsi que la valeur moyennc calculee en tenant 
compte de Tensemble des resultats obtenus. A ce stade du travail, nous pouvons 
deja constater que les mcthodes de localisation s'averent utiles non sculement 
pour preciser quantitativement les concepts traditionnels de liaison chimique et 
de paire libre mais encore k cause du caractere transferable que prescnlent les 
elements de matrice de I’hamiltonien monoeiectronique dans une base localisee. 
On prevoit des lors la possiblilite de construire a priori des matrices de Fock 
«synthetiques» de systemes complexes en utilisant des parametres obtenus dans 
I'etude de composes plus simples. Nous developperons cet aspect du probieme 
dans le paragraphe suivant. 

Signalons encore que les resultats que nous avons obtenus par le procede de 
localisation de Boys ne presentent pas un caractere transferable comparable a 
celui des resultats de la methode de Magnasco et Perico. 

Nous retrouvons ainsi une conclusion deji cmise par Bonaccorsi el al. [17]. 

Description et application d’un procede LCLO-SCK-MO paramitrisi 

/. Formalisme de la methode 

Les orbitales mol6culaires <pj doivent satisfairc I’dquation monoeiectronique. 

h^^'’<Pj = tpjCj. 15 ) 

ITeveloppees en termes de functions localisees, les orbitales moleculaircs s ecrivent: 

P 

L’equation (6) devient alors: 

p P 

soit encore, en langage matricicl: 


H°'^T=JTc. 


( 8 ) 
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lablcau 9. Parametres de base pour construire des matrices H° ‘- synthitiques 


a) r-.lcmcnis diagonaux 


Orbitulc 


(1 iprirnaire 



C'H 

CC 

/l„(U .'1 1 

tl, 2 n 

- IIJ30 

It, 2.^5 

-11,250 

-0,735 

-0,840 


b) I Icmcnls non diagonaux* 


i'k'incnt 

/i,,(u.a.) 

MIement 


Element 

li,j(u.a.) 

(l.sC CH),, 

0.640 

(l.sC CC)„ 

-0,615 



(l.sC t'H), 

t 0,0.52 

(l.vC CC), 

-1-0,050 

(IsC l.vC), 

-)• 0,019 

(C’ll CHI,, 

0,1.36 

(CH CC)„ 

- 0,1.34 



(CM Cll), 

-0,014 

(C tr CC), 

-0,012 



(CH CHIT 

) 0,042 

(CM CC)? 

-)- 0,040 



(CC CM),, 

0,134 

(CC CC),. 

-0,128 



(Cl CM), 

0,012 

(CC CC), 

(-0,012) 



(CC CMit 

) 0.040 

(CC CC)? 

-1- 0,040 



(C M CM)? 

0.01 1 

(C M CO? 

- 0.010 



(CC CM)? 

- 0,01(1 

(CC CO? 

-0.0 10 




' l.cs vak-urs ciure parentheses onl etc estimeex. 


Comme les orbitiilcs localisecs sont orthogonales par construction, I’equation 
(8) s’cerit enfin: 

H^'T^Tr. (9) 

Dans Ic paragraphe precedent, nous avons mis en evidence le caraetdre trans- 
ferable des elements de la matrice . 

II cst des lors aise de construire la matrice ^ «synthetique» de n’importe 
quel hydrocarburc suture. 

Nous reprenons dans le tableau 9 les valeurs moyennes des elements de Fock 
ii utiliscr dans ce but. Toutes ccllcs qui etaient inferieures au seuil de 10 ' ^ u.a. 
ont etc negligees. 

lx: preKcde LCLO-SCF-MO parametrise comportc trois parties. 

a) La construction de la matrice de Fock synthetique pour le Compose 
considere. 

b) La diagonalisation de cette matrice en vue d'obtenir T et e. 

c) Lc calcul des grandeurs traditionnelles de la chimie quantique telles que les 
populations d'atomes et de liaisons. 

Dans ce but il faut calculcr les coefiicients LCAO classiques en utilisant les 
dcveloppements transferables des fonctions localisees en termes d'orbitales 
atomiques. 

On peut en effet ecrire: 


soit encore; 


0 = ZC' 
ip = xCT. 


( 10 ) 

( 11 ) 

( 12 ) 
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Comme: 


9 = xC, 


on en d^duit la relation: 


C^CT 


(13) 

(14) 


oil les coefficients LCAO-MO sont exprimes en fonction dcs coefficients 
LCAO— LO, dont nous avons reconnu le caracteie transferable, et des elements de 
la matricc de transformation obtenus dans la premiere partie du proc6d6. 


2. Test de la mithode 

Nous avons teste Ic precede LCLO-SCF-MO decrit dans le paragraphe 
prec^ent en I’appliquant aux hydrocarbures satur» ayant dej^ fait I'objet d'un 
calcul ab initio. 

Nous nous sommes int6resses tout particuli6rement ^ I'influence des differents 
types d’interaction sur les energies d’orbitales. Nous donnons respeclivement 
dans les tableaux 10, 11 et 12 les differentes matrices synthetiques du methane, 
de I'ethane et du propane obtenues en limitant successivcment les interactions au 
premier, deuxiSme et troisi6me entourage. 

Les energies d’orbitales resultant des diagonalisations de ces matrices sont 
chaque fois comparecs aux valeurs obtenues dans le calcul ah initio corrcspondant. 

Dans Ic cas du butane, nous nous contentons de donncr les energies d’orbitalcs 
calculus dans les differentes options. Ces resultats sont repris dans le tableau 1 3. 

On constate que I'introduction dcs interactions au deuxifeme entourage est 
necessaire pour lever certaines degenerescences et retrouver des energies d’orbi- 
talcs voisines de celles du calcul ah initio complct. 

Les resultats de la deuxiemc colonne du tableau 13 sont ^ rapprocher de 
ceux obtenus par Fukui [19] dans le cadre de I’approximation «H». 

L’imperfection de oe module peut etre levfe, dans notre procW6 grace a 
I'introduction de termes d’intcraction complementaires dans la matrice . 


Tableau 1(1. Matricc synthetique et energies d'orbitales du methane 



IsC 

cm 

CH2 

CH3 

CH4 

l.tC 

- 11,210 





cm 

- 0,640 

-0,73.'; 




CH2 

- 0,640 

-0,136 

-0,735 



cn.t 

- 0,640 

-0,136 

-0,136 

-0,735 


CH4 

- 0,640 

-0,1.36 

-0,136 

-0,1.36 

- 0,7.35 


c (u.a.) 

Calcul ab initio 

Diagonalisation de H " ' 



1 

- 11,3738 

-11,3702 




2 

- 0,9904 

- 0,9828 




3 

- 0,5000 

- 0,5990 




4 

- 0,6000 

- 0,5990 




5 

- 0,6000 

- 0,5990 
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Tableau 1 1. Matrices synthetiques ct inergics d’orbitales de I’ethane 


— 

l.sCl 

l.vC2 

CIC2 ClHt 

C'1H2 CIH3 

C2H4 

5hP 

hCl 

-11,220 








hC2 

+ 0.019 

-11.220 







(1(2 

- I).(>I5 

- 0.615 

- 0S40 






( 1 III 

. 0.640 i 

f 0.052 / 

-0.124 

- 0.735 





( 1 II J 

■ (UhUI 1 

t- 0052 1 

-0.134 

-0.136 

-0.7.35 




Cl in 

0.640 j 

C 0.052 i 

-0.1.14 

-0.1.36 

-0.136 

-0,735 



CJt/4 1 

' o.o.s;? ! 

- (I.(M) 

-0.1.44 

' 1 0.042 

- 0.014 

-0,014 1 

- 0,735 



0.0.'': 1 

0.640 

-0.134 

0.014 

-f 0.042 

-0,014 

-0,136 

-0,735 

f2ll(< 1 

0.062 1 

0,640 

-0.134 ^ 

-0,014 

-0,014 

+ 0,042 

-0,136 

-0,135 


1 Oi.u ) 


C'alciil 

Diagonalisatiun dc H° ' 




uh inilio 

1" entourage 

2' cnii 

1 


- 11,3X12 

- 11,4167 

-U.37H 



- II.3X0X 

- 11.3389 

- II. .3771 



- 1,0767 

- 1,0655 

- 1,075' 

4 


0,8X21 

- 0,8881 

- 0,8X2.' 

5 


- 0,6510 

- 0,5990 

- 0,55.S( 

(I 


- 0,6510 

- 0,5990 

- 0,65.51 

7 


0,.5752 

- (),5')90 

- 0 , 579 ; 

« 


- 0,5419 

- 0,5990 

0,543t 



0„5419 

■ 0,5848 

- 0,54.V 


■* l.cs valcurs cncadrces corrcspcmdent aux interactions faisant inicrvenir le deuxi^mc entourage. 


Sauf dans les systfetnes hautement symetriques comme le ncopentane, il n’est 
generalemeni pas nccessairc de prendre en consideration les interactions au 
troisifeme entourage pour obtenir des resultats satisfaisants. 

Notons encore que les potentiels d'ionisation theoriques obtenus par notre 
procede, dans le cadre de l approximation de Koopmans [20] peuvent etre correles 
aux valeursexperimentales correspondantes par la relation lineaire: 

/= -0.%74c -2,737 (eV). (15) 

Celle-ci permet de prevoir le potential d'ionisation d'un alcane dont I’energie de 
la derniire orbitale occup6e a etc prealablement determinee par notre methode 
(voir tableau 14). 


3. Application de la methode 

Le proc^e respectivement decrit et teste dans les paragraphes precedents a 
cte applique aux six composes suivants: le pentane normal, I’isopentane, le 
neopentane, I'hcxanc normal, le cyclohexane dans sa forme chaise et I'heptane 
normal. 

Certains elements de matrice non repris dans la systematique precMemment 
etablie ont ^te estimes sur la base d'analogies avec d'autres 616ments connus. 




] ahlcau i Z Mairicc'* \\nlheiiqiJCb ct energies d orbilalcs du prt,)pant'^ 
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Tableau 13. Energies d'orbitales du butane normal 

(.(u.a.l 

Calcul 


Diagonalisation dc H*’ ' 



ab mil III 


1" entourage 

2* entourage 

3‘ entourage 

1 

- I!„3X5S 


- 1 1,4502 

- 11, .1926 

- 1 1,3925 


ll,t«54 


11,4053 

- 11. .3921 

- 11.3920 

.1 

ll,.17f)4 


ll„3.566 

- 11, .3763 

- 11, .3733 

4 

ll,.37M 


- 11,3240 

- 11. .37,56 

- 11, .3756 

5 

1.I34X 


1,1141 

- 1,1320 

- 1,1375 

(, 

1.03X5 


1,02% 

- 1.0430 

- 1.0.344 

7 

0,<)I22 


- 0,9199 

- 0,9120 

- 0,9081 

X 

().X4(K) 


- 0,K2KO 

- 0,829.3 

- 0,8.392 


O.bS'T") 


0,5990 

- 0.68% 

- 0,69% 

10 

0,(>5(tr. 


0,5990 

- 0.6542 


1 1 

0.64 Ki 


0,5990 

0.63.16 

- 0,6365 

12 

0.t,274 


0,5990 

- 0,6295 

- 0,6240 

1 1 

(1.5771 


0,5990 

- 0,5894 

- 0.5810 

14 

0.54111 


0,.5‘)9<» 

- 0,.5644 

- 0 . 5.544 

15 

0.54(il 


0,5X76 

0.5411 

- 0,5371 

III 

0,52Xfi 


0,5X59 

- 0,5166 

-- 0,5225 

17 

(1.51 15 


0,5X43 

- 0,50X4 

- 0,5179 


labicau 14. 

Potentiels d'ionisation calcules cl observes (eV) 


f 'iinipiise 


KTh.) 


llTh.) 

l(exp.)L21J 



Calcul ah milio 

. 0.9674 1. - 2,737 


CIU 


16,32 


13,0.3 

12.99 

t :ll„ 


14.74 


11,55 

11,65 

('dU 


14.26 


11,08 

11,21 

( ■4H1,, II 


13,91 


10,89 

10,80 

^ 4 ^ ^ m ^ 


14.22 


10.88 

10,79 

c,Hw '< 




10.80 

10,55 

f,ii,4 1 




10,70 

10,60 

< % H , 1 nc(i 




10.61 

10,29 





10,74 

10.48 

C'„ll ,2 eyeli) 




10.35 

10.16 

t Ml,,, II 




10,65 

10,35 


Ainsi. lelement dc cocur relatif a un alome de carbone quaternaire a ete pris 
cgal a - 1 1,265 u.a. Commc Ics composes envisage n’ont pas encore fait I'objet 
d'un calcul uh initio, la qualite des rcsultals theoriqucs a ete evaluee en comparant 
les potentiels d’ionisation calcules par la formule (15) aux valeurs experimentale, 
corrcspondantcs. 

Dans I'ensemble, on observe un tr6s bon accord entrc les deux series de 
valeurs comme le montre Ic tableau 14. 

11 faut noter que I'introduction des interactions au troisidme ordre n'a ete 
necessaire que dans le cas du n^opentane. 

D'autre part. I'inversion dans I’ordre des potentiels d'ionisation constatee au 
niveau du pentane normal et de I'isopentane est peut-etre imputable a une erreur 
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exp^rimentale car le potentiel d'ionisation d’un derive & chaine normaie est en 
gendral superieur a celui dc I'isom^re «iso» correspondant. 

Notre proc^ param^trisd dont les bases th6oriques sent clairement 6tablies 
foumit, avec un tninimum de labeur, des resultats comparables a ceux des methodes 
purement empiriques de Hall [22], Fueki [23], Lorquet [24] et d’autres auteurs 
dont les travaux ont fait I’objet d'une analyse critique detaillee dans un article 
de Herndon [25]. 


Conclusioo 

Le caract^rc transferable dc nombreuses grandeurs calculees dans unc base 
d'orbitales localisecs, par le precede dc Magnasco et Pcrico nous a permis d’61a- 
borer un precede quantique parametrise pour etudier les hydrocarbures saturcs. 

Ce procMe qui repose sur une systematique d'elements de Fock etablie en 
termes d'entourages successifs permet de calculer les difTerentes grandeurs 
generalement obtenues dans les calculs ab inilio, a savoir les energies d'orbitales et 
les coefficients LCAO-MO. 

On peut dgalement atteindre I’energie totale cn exploitant la transferabilite 
des termes cinetiques dans la base localisee et cn utilisant le theorfeme du viriel [26]. 

L’obtention des orbitales virtuelles ellcs-memcs n'est pas a exclurc [3] mais 
leur int6ret est assez restreint. 

Au total les resultats deja obtenus sont sufTisamment encourageants pour 
justifier la generalisation du procide h tous les types dc composes chimiques 
«localisablcs». 

Nous envisageons egalcment, comme amelioration possible de la m^thode. 
I’emploi d’une base d’orbitales hybrides. 

La localisation d'orbitales moleculaircs dcveloppces en termes d’hybrides 
est en elTet generalement bien mcilleure et conduit d des grandeurs mieux trans- 
ferables. 

L’emploi des techniques de localisation presentc ainsi de multiples avantages. 

II permet [analyse des resultats ah initio en termes de liaisom chimiques et 
fournit la possibilite de definir quantitativement le concept de «liaisons sembla- 
bles» qui joue un role esscnticl cn thermochimie. 

II debouche naturellcment sur des procedis ah initio parametrises qui per- 
mettent d’etudier dc fa^on satisfaisants des composes renfermant dc nombreux 
utomes et fournissent en outre des coefficients LCAO MO pouvant sorvir de 
vccteurs d’essai dans des methodes ab initio plus claborecs [27]. 

Remerdememx. L'un ik nous (D. Preters) exprime scs remerciemunts a ol'lnslilut pour I’t.ncou- 
ragement dc la Rcchcrchc Scicntiriquc dan.s I’lndustric cl rAgriculluro) (1.R.S.I A.), pour Ic mandat 
qui lui a cle accordc. 


Bibliographie 


1 . 

2 

.1 

4. 


Unnard-Joncs,J.i;., Poplc.J.A.: Proc. Roy. Soc.(London) A202. 166 
ltdmiston.C. E., Ruedenberg, K.: Rev. Mod. Phys. 35. 457 (1963). 
Boys,S.F,: Rev. Mod. Phys. 32. 296 (1960). - FiKter.J.M.. Boys.S,l 


(1950). 

Rev. Mod. Phys. 32. .300 


(1960). 

Magnasco, V.. Perico.A.: J. Chem. Phys. 48,800(1968). 



256 


Ph. Degand et al. 


5. Peters. D.' J C'hem. Soc. (London) 1963. 2003. 

6 Hcrthicr.G.. Meyer.A.Y.. Praud.L.: The Jerusalem symposia on quantum chemistry and bio- 
chemistry, III, p. 174. Jerusalem: Israel Academy of Sciences and Humanities 1971. 

7. Newton,M.D., .Switkes,h.; J. Chem. Phys. 54. 3179 (1971). — Lipscomb, W,; J. Cbem. Phys. 
5.3. 264.S (1970). 

X Peters, li.: J Chem. Phys. 51. 1559 (1969). 

9 Adams, W. M. • J. Chem. Phys. 34, 89 (1961); 37, 2(H)9 (1962); 42, 40.30 (1%5). 

10 (tilheri.'l 1. Molecular orbitals in chemistry physics and biology, ed. by P.O.Lowdin, B. Pullman, 
p 405 New York' Academic Pres,s 1964. 

1 1. Polak.K ; I heorct. chim. Acta (Bcrl.) 14, 163 (1969). 

12 lloyland. l R J. Am. Chem. Soc. 90, 2227 (1968): 50, 473 (1969). 

13 Bartlielal.J C., Durand.Ph.: Theorel. chim. Acta (Bcrl.) 27. 109 (1972). 

14 Letcher.J. M., Diinning.T II : J. Chem. Phys. 4*. 4538 (1968) -- Letcher. J.H.; J. Chem. Phys. 54, 
3215 (1971). 

15 Rothenberg.S. J. Chem. Phys. 51, 3389(1969) 

16 Degand. Pli. a puhlier 

17. Ilonaccorsi, K , Pelrongolo.C '., Scrocco.L.. 1 omasi.J.: Theoret. chim. Acta (Bcrl.) 15, 332 ( 1%9); — 
.1 Chom. Phys.4«, I5(K)(I96X), 

IX Andre.J M., Degaiid.Ph.. I.eroy.ti.. Bull. Soc Chim. Beiges 80, 585 (1971). 

19 ) iikiii.K . Kalo.ll , Yonc/aviji, I : Hull. Chem. Soc. Japan 3.3. 1197. 1201 (I960). 

20 Koopmans.J Physicji ( 19.3.3, 104. 

21 Vcdcncycv.V I . Ciurvich, L V.. Kondrat'ycv.V N., Medvedev, V. A., Frankcvich, Ye. L.: Bond 
energies, loni/ation potentials and electron aflinities. London: Fdward Arnold 1966. 

22 llall.d (i : Proc Roy. Soc (I ondon) A205, .541 (1951), 

2.1. I'ucki.ls. J Phys. Chem. 68, 26.56 (I9(i4). 

24. l,orquel,J.C.; Mol. I’hys.9, lol (1965). 

25. I leriidon, W.<. .: Progress in physical organic chcmi.stry, Vol. 9, A.Streitwciser.jr., R.W.’Iafl, 
ed , p. 9<). New York: Wiley Intcrscicncc 1972. 

26. Allen, I L,Shull,II. J Chem. Phys. .35, 1644 ( 1961) 

27 I, etcher, J II , Absar, I., van Wa/er,J.R.: Intern. J. Quantum Chem.. Symposium n 6.6, 451 (1972) 

Professcur Ci. Leroy 
Laboratuire dc Chimic Quanlique 
Cclcstijnenlaun, 2(K)G 
B- 30.30 Heverlcc 
Louvain. Belgique 



Theoret. chim. Acta (Bcrl.) 30, 257 -265 (1973) 
(r.) by Springer-Verlag 1973 


Proton Magnetic Shielding in H 2 O and (H20)2 

Michal Jaszunski and Andrzej J. Sadlcj 

Institute of Organic C hemistry. Polish Academy of Sciences. Warsaw 42, Politnd 
Retx’ived January 24, 1973 


The proton magnetic shielding constants in the water molecule and its linear perpendicular 
dimer are computed from SCI -MO-LCGO wave functions by using the uncoupled llarirce-l'ocL 
wiriation-pcrturbation procedure due to Karplus and Kolker. The convergenu: of the calculated 
shielding constants as well as their gauge dcpcndenc-c is studied. The final results for 17-lerm 
polynomial varituitm funetton indicate that the be.sl choice for the gauge origin corresponds to the 
molecular electronic centroid. 

The calculated proton magnetic shielding constant m the water molecule is in remarkable 
agreement with eupcrimcntal data and favourably compares with the bc.st coupled Hartree-Fock 
results. It follows from the calculations for the water dimer that the 11-bond NMR-shifl amounts in 
this ca.se - 1.(1 ppm and qualitatively agrees with the experimental data for the liquid water. 

ivon/.v • Proton magnetic sliielding i'lydrogen biviid N.MR shift ol walei molecule and dimer 


Introduction 

Recently we have reported fl] the results of the uncoupled Hartree-Fock 
(UCHF) variation-perturbation calculatioas of the proton magnetic shielding 
constant in the water molecule. It was shown that the simplified UCHF scheme 
due to Karplus and Kolker [2,3] is able to reproduce the results of the time- 
consuming and laborious coupled Hartree-Fock (CHF) procedure [4], Moreover, 
the gauge non-invariance of the Karplus-Kolkcr scheme was considerably loss 
pronounced than in the case of the limited basis set CHF calculations [5], In 
this way the results for the water molecule confirmed our previous conclusions 
concerning the validity and applicability of the Karplus- Kolker UCHF method . 
for the calculation of the second-order energies related to pure imaginary 
operators [6-8]. 

More recently we have applied the same approach to the calculation of the 
hydrogen-bond NMR shift in the water dimer [9]. The preliminary results for 
the hydrogen-bonded proton indicated a down-field shift of the corresponding 
shielding constant in comparison with the isolated water molecule. It should be 
pointed out that the paramagnetic cffal of the hydrogen-bond formation has been 
obtained without introducing any empirical parameter and all the calculations 
have been performed using the Gaussian SCF-MO-wave functions computed 
recently by Diercksen [lO]. 

In the present paper we report the results of more extensive study of 
niagnetic properties of the linear water dimer. A particular attention is paid to 
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the influence of the hydrogen bonding on the proton magnetic shielding con- 
stant. We shall consider the hydrogen-bonded as well as the outer protons in 
the water dimer. The results for the water dimer will be compared with 
analogous calculations for the isolated water molecule The influence of the 
choice of the origin for the magnetic field vector potential will also be dis- 
cussed. 

In comparison with previously reported calculations for the water molecule 
[ 1] and preliminary results for the water dimer [9] we have extended the 
polynomial representation of the variation functions. This extension leads to 
further improvement of the calculated proton shielding constant in the water 
molecule and lowers the shielding constant of the hydrogen-bonded proton in 
the water dimer. 


C.'omputatkmal Details 

The methcxl employed in the present study - so-callcd Karplus-Kolkcr 
variation-perturbation procedure — has been extensively described in 
the previous paper [1] and we refer to this publication for the notation and 
general discussion. For the sake of clarity we only remind that within the 
Karplus-Kolkcr method the first-order perturbed orbitals are approximated in 
the form 


n 



(cf. Hq. (7) of Ref. [1]), where /J,' **’ is the variation function for the magnetic 
field perturbation in the /i-th direction. A usual procedure for the determination 
of /ij,' '*' is to express it in a polynomial form 

/.«■”’= ( 2 ) 
p 


where are the products of the electronic coordinates with appropriate 
symmetry. The linear variation parameters are then determined by ex- 
tremizing the second-order energy functional of the Karplus-Kolker method 
[2, 3]. It should be mentioned that some additional problems arise when the 
calculated property is bilinear in external perturbations (e.g. the paramagnetic 
component of the magnetic shielding tensor) [1, 3, 1 1]. 

All the calculations presented in this paper were performed by using the 
method and formulae given in Ref [IJ. The ground state unperturbed wave 
functions for the isolated water molecule and water dimer are also the same as 
employed in our previous study [1,9]. They were recently computed by Diercksen 
[10] and correspond to the experimental geometry and so-called "linear per- 
pendicular" configuration of the water molecule and water dimer, respectively. 
The O ■ ' O distance in the water dimer equals 3 A. A detailed description and 
discussion of the quality of these SCF-MO-LCGO-wavc functions can be found 
in Diercksen's paper [10]. 
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hig. I. The coordinate system for HjO and (HjOjj. A. B. C denote the gauge origins; » and C lie in 

front of the monomer / plane 


The variation functions were expressed in terms of the following 
functions: 

fipx- ■'^v. x^Xv'- x^x,. x^x^ -, xl, xj; 

x^xf, x^x^. x„x^ : x,x^. x,x^, x.x^ ; (3) 

Xj.x^x,; x^x^xf, x^x^xl, x^x^xj; 

where (A. fi, v) form a cycle and refer to the corresponding Cartesian coordinates. 
The origin of the coordinate system has been chosen at the oxygen atom 
[water 1 in the case of (HjO)^]. The coordinate systems employed for the water 
molecule and its linear dimer are shown in Fig. 1 . 

In comparison with previously adopted basis set [1,9], the present one 
involves five additional functions and allows for a better representation of the 
first-order perturbed orbitals. However, it should be mentioned that also the 
present extension of the polynomial basis set does not remove the node-shift 
problems discussed in Ref. [1] and these can hardly be avoided within the 
Karplus-Kolker scheme [3, 12]. On the other hand, this should not significantly 
affect the results for non-linear molecules considered in this paper. 

All the integrals which appear in tlw Karplus-Kolker functional for the 
second-order energy [2] as well as those arising in the calculation of the 
proton magnetic shielding constants were computed according to standard for- 
mulae [13, 14]. To evaluate the ncces.sary FJt) functions [14] the analytical 
approximations of Schaad and Morrell [15] have been employed. The calcula- 
tions were programmed in Algol and run on the ODRA 1204 computer. 

Results 

For any approximate theory of the second-order magnetic properties the 
gauge dependence of final results is quite obvious and should be carefully 
examined. We have therefore repeated our calculations for several different ori- 
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lablf 1 / lie converjicna- of ihc paramagnetic contribution to the proton magnetic shielding (in 

/ ’’ 

Monomer" 

HI H2 

Dimer* 

H3 = H4 

H5 ■ 

h 

1 

2QW 

69,102 

-151.294 

2 

s 

2 ‘719 

69.1.16 

- 151.485 

2. 

7 

2 919 

- 69.161 

-151. .502 

2' 

Id 

1.141 

71 .192 

-1.54.108 

2' 

n 

i.^.s? 

71.197 

- 1.56..558 


1-4 

.1 4Sd 

71.742 

- 156.565 

2S 

17 

1 77(> 

72.242 

- 157.246 

29 

1 lie g.iiigc (in)'iii IS taken ai 

1 the nioicculur electronic centroid. F-'or the numbering of at 


sti- I ](■ I 
” Sci- I qs l.’Ull 


gins (or the vector potential of (he external magnetic field. In the ease of 
isolated water molecule the calculations were carried out in the eoordin 
system of the monomer / in the dimer (I'ig. I) and point A refers to the ga 
origin at the monomer electronic centroid. Additionally, the proton shield 
constant in the isolated monomer has also been computed for the gauge ori 
chosen at the shielded H atom. 

As regards the gauge origin for the water dimer we tried the follow 
choices : 

(i) the electronic centroid of the monomer / in the dimer configurat 
(pi)int A in l ig. 1), 

(ii) the electronic centroid of the monomer // in (he dimer configurat 
(point B in I'ig. 1), and 

(iii) the electronic centroid of the water dimer (point C in Fig. 1). 

As will be explained in the next section, the gauge origins (i) (iii) correspc 
to some supposedly best choices of the origin for the external magnetic fi 
vector ptHential in monomers and in the dimer, respectively. 

We studied the convergence of the calculated second-order energies using 

basis sets with first X 5, 7, 10, 1.^ and 14, and with all the terms appear 
in (3). It should be mentioned that some of these terms may not contribute tt 
given component of the magnetic susceptibility or magnetic shielding ten? 
However, they were included in the basis set for .symmetry reasons. 

The second-order energies quadratic in the magnetic field or in the nucl 
magnetic moment (see Ref. [1]) exhibit a monotonous, convergent behavic 
with respect to the number of variation parameters. No violation of the variat 
principle for the Karplus-Kolker approximate UCHF functional has be 
noticed. For the present study the most interesting is the convergence of 
calculated paramagnetic contribution (tr'’) to the proton shielding constants a 
this is illustrated by the data of Table 1. The corresponding figures refer to 
gauge origin chosen at the electronic centroid of H 2 O and (H 20 ) 2 , respective 
For the other gauge origins the convergence of a’’ is quite similar and in w' 
follows we shall confine our considerations to the results obtained with 
richest, IT-term representation of variationally determined first-order perturt 
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I'ig. 2. A schematic plot of the convergence data for a calculated with dilTerenl gauge origins 


orbitals. However, one can obtain sotne Turlher information about the conver* 
gence of the total proton shielding constant for different gauge origins by looking 
at Fig. 2. Obviously Fig. 2 has only an illustrative meaning and the scale of the 
abscissa axis is quite arbitrary. 

The final results for the proton magnetic shielding in the water molecule are 
shown in Table 2. For the gauge origin at the shielded H atom they are 
compared with the CHF results of Arrighini et al. [5] and with the experimental 
data [16], Table 2 contains also our previous results obtained with a shorter 

variation function. i u- 

The corresponding results for the water dimer are given in Table 3. In this 
ease we reported only the rotational average of the paramagnetic, diamagnetic 
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Tabic 2 Proton tnagnctic shielding in the water molecule (in ppm) 



Gauge 

origin 



tr' 

a 

I his work 

CL 

4.42 

6.26 0.65 

3.78 

28. 

KK[IJ 

C L. 

3 66 

6.26 0.65 

3.52 

28. 

1 his work 

H 1 

-75.54 

• - 117.07 -.39.01 

-77.21 

25. 

KKll) 

H 1 

76.65 

-118.44 -.39.01 

- 78.03 

24. 

C'Hl-l.M 

II 1 

52.63 

- 79.18 -25.76 

- 52.52 

50. 

l.xp' 

11 1 

71.79 

-107.04 -.36.57 

-71.80 

30. 






± 0. 

' 1 aken ftoiti Ref [ 5 1 






luhlc y Proton magnetic shielding in the water dimer (m ppm) 



Proton' 

(iauge* 

a’* 

ff 




origin 





in 114 

A 

- 18 92 45.69 

26.77 




C 

72.24 - 41.15 

31.09 




H 

162.93 -127.55 

35..39 



in 

.1 

259 29 282.31 

23.02 




( 

1.57.24 184.80 

27.56 




H 

- 55.73 87.80 

32.08 



116 

A 

80.47 - 5046 

.30.01 




( 

29.43 - 090 

28.5,3 




B 

■■ 21 26 48.32 

27.06 



• See 1- Ig. 1 . 






lahic 4. Magnclie susecplibilily (in erg/molc gau.ss') 



Monomer 


Dimer 




(iauge origin" 


Gauge origin * 




4 (c.c.) 

II I 

A 

(’(c.c) 

B 


1 IP) 

25.8.54 

269 906 




14.290 

-13.252 

- 21.114 


HQQ 


‘ Sec I'lg. I 


and the total shielding constant. There are no experimental data and other theon 
tical results to be directly compared with our calculations. 

On calculating the first-order perturbed orbitals we obtained as a b; 
product the paramagnetic contribution (x") to the magnetic susceptibility tense 
of H^O and (H20)2. The rekvant results for x!’ as well as the final values of tf 
total magnetic susceptibility (y) calculated for different gauge origins were show 
in Table 4. It is worth attention that the theoretical value of provides. ai 
cording to Chan and Das [17], some criterion for the choice of the appropriai 
gauge origin in approximate calcuiations. 
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Discussioo 

It is evident from the data of Table 1 that even the 17-tenn representation 
of variation functions does not allow to reach a complete convergence of the 
calculated values of tr'’. Unfortunately, a further extension of the polynomial 
basis set (3) goes beyond the ability of our computing facilities but owing to a 
monotonous behaviour of the calculated shielding constants (Fig. 2) we can 
draw out rather general conclusions. 

The gauge-dependence of the Karplus-Kolker method Is also evident but 
appears to be less pronounced than in the case of the finite basis set CHF 
calculations. This is illustrated by the data of Table 2 Shifting the gauge 
origin from the central atom of H 2 O to the shielded proton Arrighini et al. [5] 
found in their CHF calculations the gauge dependence of +22.64 ppm. In the 
present case, shifting the gauge origin from the electronic centroid (e.c.) of the 
monomer to the shielded proton we obtain the gauge dependence of -3.43 ppm. 
It should be pointed out that in the water molecule the central atom and e.c. 
almost coincide. 

In comparison with the experimental data the calculated proton shielding 
constant in H 2 O is much belter when computed with the gauge origin at c.c. 
Our value (28.55 ppm) compares favourably with the best CHF result (28.94 ppm) 
obtained in rather cumbersome calculations by Arrighini et al. [5]. 

The results for the monomer indicate some significance of e c. as the gauge 
origin in the Karplus-Kolker method. According to Chan and Das [17] this 
choice leads to the lowest (positive) value of x’’ (see also Table 4) and one 
can also expect that it minimizes the absolute error of the computed x’’ and 
For this reason one can expect rather good results for a'’ calculated with 
the gauge origin at e.c. This qualitative reasoning is nicely supported by the 
corresponding numerical data [17, 1,9]. Moreover, it is important that e.c. can 
be defined for any molecule while some other concepts, c.g. the origin at the 
central atom, are in general rather arbitrary. 

According to the discussion presented in [1] we attribute more significance 
to the results obtained for the gauge origin at the molecular electronic centroid, 
especially when we compare the data for different molecules. Thus, comparing 
the proton shielding constants in H 2 O and (H20)2 (Tables 2 and 3) we find 
for the gauge origins at e.c. the H-bond NMR shift of — 1.0 ppm. Additionally, 
examining Fig. 2c we observe that the calculated value provides a sort of the 
“upper bound" to the H-bond NMR shift in the water dimer and unam- 
bigously indicates a decrease of a for the H-bonded proton. Qualitatively the 
same effect is obtained for the gauge origin at A (Fig. 2) but at B the corres- 
ponding shielding constant unexpectedly increases in comparison with that in 
the monomer. To explain this rather peculiar result it is worth attention that for 
all the gauge origins considered in this paper an extension of the polynomial 
basis set, in general results in increase of a for H 3( = H 4) and H 6 while a of 
H 5 simultaneously decreases. This also leads to rather systematic .increase of o 
in the monomer. Thus, on augmenting the basis set we should reach the 
desired sequence also for the gauge origin B. 

For the monomer I in the dimer its protons should resemble to some extent 
those in the isolated molecule and it appears that ff(H 3) = <r(H 4) must not be 
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gher than (t(H 5). On the other hand, in the liquid an average proton 
rrounding resembles rather that of H 5 and in this respect our calculation 
‘edicts a down-field shift of the corresponding NMR signal. It is worth 
tention that qualitative consideratioas [18] predict rather an up-field shift and 
sagrcc with experiment [19]. 

Recently Guidotti el ul. [20] reported the CHF calculations of several 
operties of the water molecule in an ice-like cluster. The surrounding mole- 
jIcs were taken into account by an appropriate perturbation-like modification 
the SC 'I‘ function of the isolated molecule. The calculated change in the proton 
lidding constant (-3.81 ppm and —5.83 for the gauge origins at O and H, 
-spectively) is rather close to the observed association shift ( — 4.58 ppm at 
(■ [19]). However, the observed shift is strongly temperature-dependent 
9], The bolt/mann average of a which is reported in [20] takes into 
xouni only the existence of several configurations of the cluster but does not 
dude the influence of the O ' -O stretching motion. To our feeling the 
imputed values must not be directly compared with the experimental data and 
ily the direction of the chemical shift appears to be meaningful. In this respect 
le result of the Karplus-Koiker method agrees with that of Guidotti el al. 
Ciuidotti ei al. |2()J calculated also the change of the magnetic susceptibilty 
MjO upon the cluster formation but their result (- 0.355 erg/mole gauss^) 
ITcrs in sign from the quoted experimental value (-1-0.45 crg/molegauss^) for 
le liquid. From the data of Table 4 we find -f 1 . 1 6 crg/mole gauss^ (per mole of 
2 O) for the change of y upon the hydrogen bond formation. Wc believe that the 
rection of the computed change of y can be compared with that in the 
4 uid. 

Summing up wc want to stress that the method applied in this paper to the 
udy of the H-bond induced changes in the magnetic properties of HjO is much 
mpler than the CHF' approach and does not offer any computational difficul- 
.*s. Obviously, this methtxl is approximate but it works quite well. In this 
■spect we refer the reader to Tables 2 and 3 to recognize the order of magni- 
de of the computed dia- and paramagnetic contributions which result in 
ther small final value of a. These final results compare rather favourably with 
e corresponding CHF' data. It should be also pointed out that in the case of 
al perturbing operators (e.g. electric polarizability calculations) some medi- 
ation of the Karplus-Kolkcr scheme is necessary [6,8]. 


.4ckiii>wUtJfimciii‘<. I'hc aulhiirs wish to thank Dr. U. tt. I-. t)ii:rcksen for the original computer 
itputs of the .SC'I'-MD-l.C'GO-functions and onc-clectron properties. 
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Assignments of the n-*'n* electronic transitions in large carbonyl compountls have been carried 
out using the molecules-in-molecules method. 
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Introduction 

Sidman [1] observed that the electronic spectra of a large number of quinones 
[2] were similar, with three absorption regions in common - ji-vtt*, weak 
jt-* 'n* and strong ‘n*. He also observed that these spectra were more similar 
than were those of the parent hydrocarbons. He concluded that this similarity 
was the result of a common structural feature - the quinone group, and that the 
molecules could be regarded as vinyl-substituted p-benzoquinoncs. Confirmation 
was given in the case of 9 : lO-anthraquinone by the single crystal studies of 
Sidman [1] who showed that as with p-benzoquinone [3] both 7r-» 'ti* transitions 
were polarized perpendicularly to the C O axis. As further evidence for a p-benzo- 
quinone structure in the p-quinones he pointed out that unexcited resonance 
structures cannot be drawn in which the C C bonds of the C -O carbon atom 
have double bond character, thus indicating a long bond as is known for p-benzo- 
quinone [4], An X-ray analysis of 9: lO-anthraquinone by Sen [5J showed this 
bond-length to be 1.50 A which is equal to that in p-benzoquinone The model 
appeared to be well-founded and was used in interpreting the electronic spectrum 
of 9 ; lO-anthraquinone [I]. However, in a later paper Sidman [6] drew attention 
to the X-ray work on p-benzoquinone of Brand and Goodwin [7] who had shown 
that the optical axes adopted by Sidman were incorrect and should be reversed. 
This gave an important difference between the spectra of p-benzoquinone and 
9 : 10-anthraquinone (Sidman warned against his polarization analysis of 9 : 10- 
anthraquinone although there was no a priori reason why it should have been 
incorrect - it will be seen later that there was nothing at all wrong with it). The 
presence of the long C-C bonds in 9 ; lO-anthraquinonc cannot and need not be 
disputed. On examining the molecular dimensions of 9 : 10-anthraquinone more 

* Present address; The Royal Liberty School, Romford, Essex. Imgland. 
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closely it is seen that the C C bond-lengths in the two outer rings are in the range 
1 .38 1.40 A. with the short C C bond of the inner ring being 1.40 A as compared 
to 1.3) A in p-benzoquinone [4]. On the basis of geometry alone it is not only 
clear that Sidman's model of 9 : 10-anthraquinone was incorrect, but also that a 
more realistic model is that of a symmetric composition of two benzene rings and 
two carbonyl groups. It is concluded that similarity between the single crystal 
spectra of f>-benzoquinone and 9: fO-anthraquinone should not be anticipated, 
and that the observed similarity of the solution spectra is of no significance. 

Ihis mcxlel has previously been used in polarization excitation studies on 
9: lO-anthraquinone [8] and anthrone [8.9], the interpretation of the spectra 
being carried out in terms of interaction between the benzene rings and with the 
aid of I’latt’s spectroscopic moment theory [10]. This is a very simple approach, 
but, if the assignment of the anthrone spectrum due to Drott and Dearman [9] 
(hereinafter D I)) is adopted, nonetheless a successful one. In the present work a 
more detailed theory has been used for the following compounds, where the 
validity of the model in each case is judged on the extent of agreement between 
the calculated and experimental electronic transitions; 9 : lO-anthra- 

quinone, methylene anthrone. I : 4-naphthoquinone, anthrone and fluorenone. 


Theory 

The method used was the inolccules-in-molecules (MIM) method of Longuet- 
I liggins and Murrell [II] where the states are described in terms of local excitation 
(I.l') and charge transfer (CT) configurations. This method has been usc*d pre- 
viously in calculations on simple carbonyl compounds [ 1 2], Except for the electron 
affinity of bcn/cnc [13J all the integrals and integral-values necessary for the 
present work arc contained in the latter paper. Ionization from the C O group 
is not included. Further description is unwarranted. 


Molecular Dimensions 

9: 10-anthraquinone. 1'he dimensions used were essentially those determined 
by Sen [.'']. with the simplifications that all ‘’benzene” C bond-lengths were 
taken as 1.39 A and all bond-angles were assumed to be 120 . These changes are 
sure to have an insignificant effect on the results to be presented, and were made 
simply for easier calculation. 

1 :4-naphthoquinone. The dimensions used were taken from these used for 
9 ; lO-anthraquinonc. with the short non-benzenoid C-C bond-length being 
taken from p-benzoquinone [4], 

The dimensions for the above two molecules have been used in earlier cal- 
culations [14]. 

Anthrone and methylene anthrone. As with 1 : 4-naphthoquinone the di- 
mensions were taken from those adopted for 9 ; 10-anthraquinone, with the new 
C C bond in the methode having the ethylene bond-distance [15]. 

Fluorenone. Iball [16] suggested that fluorene was non-planar. but in a later 
paper on an X-ray study Burns and Iball [17] concluded. "It is clear, therefore. 
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ip. 1. Structures of invesligalcd molecules' a fltiorcnonc. h 9: UKmthraguinone, c 1 :4-napliilio- 
qutnone. d methylene anthrone and e anlhrotie 


hat the molecule is planar Commenting on this scconti paper Cray t'/ ul. [18] 
aid. . . X-ray studies suggest that they (fluorene and fluorenone - the latter was 
sswned to have essentially the same structure as the former) are distorted", 
rom the published data there is no doubt as to the planarity of fluorene. It is 
ssumed that fluorenone too is planar. 

The dimensions adopted for fluorenone are given in Fig. 1 together with the 
ither molecules being investigated. 


Results 

In Tables I (i v) the results of the MIM calculations are compared with 
xperimenlal data. The configurations compo.sing > I0"> of each slate are given, 
he positive combinations benzene stales arc symmetric to a 180 rotation about 
he (’ -O axis. 


Discussion 

Scott [23] and Singh et al. [24] used the CT and Lli terminology in a quali- 
ative interpretation of the electronic spectra of 1 : 4-naphthoquinone and 9 : 10- 
nthraquinone. It was hoped that their work would be complementary to that 
•resented here, but, unfortunately, the impreciseness of the terms as used by 
hese workers has made this impossible. 

9 : 10-anthraquinone. Only the three lowest 7t-> 'rt* transition energies can be 
neasured from the polarization spectrum [8] - these agree moderately well with 
he values taken from the solution spectrum [19]. They also agree with the MIM 
esults and those of previous P-method calculations. D-D reported that there 
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were indications of a Z-polarized transition at higher energy, but they could not 
be absolutely certain because of the poor resolution in this region. Such a band is 
predicted from the MIM results (and from the P-method results for that matter). 
However, there is considerable doubt as to the value of the experimental energy, 
f^oquet [19] reported an intense fourth band at 4.9 eV, whereas Kuboyama and 
Wada [20] reported an intense fourth band at 6.1 eV. The latter agrees exceedingly 
well with the calculated energy, but .the 4.9 eV band is clearly the fourth and is, 
therefore, included in Table 1 (i). 

Using [Matt’s spectroscopic moment theory D-D deduced the following 
order of transitions: A y-polarized transition consisting of benzene x states 
(X| - X 2 ); a Z-polarized transition consisting essentially of benzene p states 
(/), + Pzl'.u transition arising from the benzene p states - for T-polarization this is 


iililc I ( iiinpiiriMiii ol LiilciiliilLit and cxpcnnicnlat n Iransition energies (eV). s sotution, r rigid mediu 
(iseillaliir slrenglh. miiximutn of molar exiinelion cocflicient. M transition dipole moment, /’ sufTix results 

previous P-method euleulations (14). ft benzene 
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the negative combination. This analysis is wholely substantiated by the results of 
the MIM calculations, although there is considerable b-*C-0 in the third state. 

Methylene anthrone. In Table 1 (ii) the states of methylene anthrone have 
been correlated with the 9 ; iO-anthraquinonc states of the same symmetry. The 
calculated results for these two molecules are similar, as are the polarization and 
absorption spectra [25]. The three observed polarized bands are assigned to the 
states shown; the corresponding states in 9: l()-anthraquinone are those to 
which its experimental bands are assigned. Adopting the exciton interaction 
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treatment previously used for diphenyl, diphenylmethanc and dibenzyl by 
McC lure [28], Smith and Dearman [25] predicted the following order of states: 
(a, -32)- (3(i +« 2 ) + (Pi + P 2 )- (Pi—Pi)- 's difficult to directly compare the 
results of this and the present method since the latter allows for a far greater 
interaction of configurations. However, the present results are essentially in 
accord with the assignments of Smith and Dearman, although it is felt that the 
third band will also contain a large proportion of the intense ground state to 
{//, -//,) transition. 

I : 4-naphthoquinone. Of the five calculated transitions reported in Table 
I (nil the polarizations and energies for the last three agree with those calculated 
previously using the /’-method f 14]. In this previous work the two lowest transition 
energies and 3.97 eV) were both assigned to the first observed band — par- 
tially beeause of their near degeneraey and partially because the former was 
virtually forbidden; the other three experimental bands were assigned to the 
ealeulated energies in order. Thus, Jthe bands were predicted to arise from transi- 
tions polarized >'( predominately). Z. Y, and Z. in order of increasing energy. But 
the MIM results indicate that the first two transitions are both very much allowed 
and 0.42 eV apart. Moreover, the more intense band from the MIM results is the 
virtually forbidden hand from the P-method results. From the MIM method 
results the order of polarization is K Z. Z and T The same sequence could be 
obtained for the P-method results by "unpairing” and reversing the first two 
transitions. Unfortunately, while agreement is thus improved in one way it is 
worsened in another - the second experimental band should them arise from a 
virtually forbidden transition, which it certainly docs not. This is not a happy 
stale of affairs. Certainly, the polarization spectrum of this compound would 
help to clear matters up, but because of the weakness of its phosphoresccnec it 
has not, as yei. been observed [25]. 

I’latt's spectroscopic moment theory predicts that the first band would arise 
from a V-polarizcd transition essentially of ot character, with a second Z-polarized 
transition essentially of p character. This is in good agreement with the results of 
the calculation, although the amount of p-character is on the low side (25 ".). 

It is interesting to note the similarity of the MIM results for 1 : 4-naphtho- 
quinone and benzaldehyde. The first band of bcnzaldehyde is generally consi- 
dered to be essentially a with the second to arise from p and/or />-► C- O [26. 27]. 
The third band was of loo high an energy to occur in the polarization spectrum 
[9], but Walsh [26] regarded it as essentially //. These conclusions are consistent 
with previous MIM calculations [12] where the second band arises from 
p + h-*C () and the third arises from ft (also with considerable /)-»C O). From 
Table l|iii) it is clearly reasonable to compare the first three transitions of benzal- 
dehyde with the first, second and fourth transitions, respectively, of 1 : 4-naphtho- 
quinonc. 'Hie third excited stale of 1 : 4-naphlhoquinone Ls composed almost 
entirely (95 "«) of ethylene LE and CT from the ethylene group, and obviously has 
no place in the benzaldehyde spectrum. 

Anthrone. The anthrone and benzophenone data taken from the spectra of 
Shimada and Goodman [9] arc given in Table 1 (iv) and are in exellent agreement 
with the results of Smith and Dearman [25]. Shimada and Goodman attempted to 
correlate the two experimental bands d* lowest energy with the ‘/l|(a, -fai) 
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and 'Bj(ai — <* 2 ) states which are Z- and V-polarized. respectively. On estimating 
the energy separation using the exciton interaction treatment of McClure [28] 
they obtained a value of 700cm ‘ (0.09 eV) with the ‘/I, state at higher energy. 
The same ordering of states was obtained by these workers using the P-method. 
with the splitting being brought down from a high of 0.4eV to a low of 0.025 eV 
by systematically increasing the complexity of the wavcfunctions. The problem 
was left unsolved. Fom the present calculations it can be seen that the two lowest 
states are of ‘/I, and 'S, symmetry, with the former at a level only 0.005 eV 
higher than the latter. Since the states have different symmetries they could be 
made to interchange by judicious changes in the values of the .semi-empirical 
parameters, but this is not a worthwhile exercise since no reasonable change in 
integral-values would give rise to the 0.5 cV splitting observed; this is also true of 
the P-method calculations of Shimada and Goodman. That the observed peak 
separation does not ari.se from the M, — 'B, splitting has been very convincingly 
argued by D- D. They calculated the --CHO group substituent contribution to 
the oscillator strengths for these two transitions using the spectroscopic moments 
derived by Petru.ska [29], It was found thaty(M,)//'(‘B,) ^ 3. The spectroscopic 
moment of a — Cll , group is far smaller than that of a — CHO group, but giving 
the -CHj group in anthrone the value derived for -CH, in toluene results in a 
marked change in the ratio - /(‘/I ,),//(‘B,) ~ 8. The very reasonable .suggestion 
was then made that the two states are very close in energy with the 
transition masking the 'B, transition, thus giving the required polarization 
for the first band. This explanation is compatible with the results of the present 
calculation. It is true that the transition dipole moments arc predicted to be of 
approximately the same magnitude, but in the calculation the -CHj group was 
neglected, and. as shown above, its effect is to increase the value of /('/1,)//(‘B,). 
The calculated separation of 0.7 eV is somewhat greater than the experimental 
value, but it is comforting to note that the state has a good deal of (p, - p,) t-’hn- 
racter, in agreement with the assignments suggested by D D. 

In view of the similarity between the structures of benzophenone and anthrone 
and that between their spectra at long wavelengths (>25(X)A) [9, 25, .10] simi- 
larity is expected between their spectra at shorter wavelengths. Certainly, the 
observed strong bands in the spectrum of benzophenone at 6.1 eV and 6.6 eV are 
consistent with the results calculated for anthrone. 

Fluorenone. There is no doubt that the lowest energy band at .1.3 cV arises 
from a 7 t-» 'tt* transition [22, 31] and not from an 'rt* transition. The assign- 
ment suggested in Table 1 (v) is satisfactory' as regards intensities, but this has 
caused the unhappy situation of having the 3.3 eV band a.ssigned to a transition 
calculated to be 1.0 eV higher in energy. Kuboyama [22] has attempted the 
assignment using naive Huckel theory. He deduced the polarizations to be T, K Z 
and Z, which disagrees completely with the present results which are Z, Y, Y and Y. 
1 he polarization spoctrum would be invaluable. 


Cionclusioo 

For 9 : 10-anthraquinone, methylene anthrone and anthrone the results of the 
calculations offer a reasonable interpretation of their electronic sptectra, and. 
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consequently, justify the molecular model adopted. For 1 : 4-naphthoquinone and 
fluorenone insulTicient experimental data has resulted in the assignments being 
hardly more than gues.ses: Knowledge of the polarizations is essential. 


'ickiuiwUulqemi’iiis. The aiilhor is indebted to Professor 11.11. Dearman for the provision of 
esperiinciital anil iheorelieiil icsults prior In publication. A posl-docloral research fellow.ship from 
Ihe Science Research Council is gratefully acknowledged 
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The results of LHT ealculati<in.s on the most stable conformations of the ncurotransmittcr mole- 
cule acetylcholine (AC'hl are reported. These results are compared with those obtained with other 
scmicmpirical quantum mechanical methods CNI30,/2, INLK) and PC ILO, and with those obtained 
by the classical partitioning of the energy methtxl (PEM). From this comparison it becomes evident a 
wide agreement between the results of P(’l!,<), 1*111 and PFM. all these methcnls allowing acces- 
sibility to discrete regions in conformational .space. 

Key words: Acetylcholine, electronic structure of ~ 


The allowed conformations of the neurotransmilter molecule acetylcholine 
(ACh) (CH 3 ).,N"— t'Hj-C'Hr O— C(-=0)CHj has been the subject of ex- 
tensive experimental [1 4] and theoretical [5 10] investigations. 

At the present time there i.s a basic theoretical agreement on the flexibility 
of this substrate while the differences in the details of the results are critically 
examined in many laboratories. 

A satisfactory agreement exists among a number of features [6. 9, 10] derived 
with the classical semiempirical procedures of the partition of the energy in 
physically relevant contributions (PEM) [II] and with the quantum mechanical 
procedure PCILO [12]. Notwithstanding the prediction of PCILO for a low 
barrier about the torsion angle v ’2 (N — C, Cf ^O) (Fig. I). a feature in common 
with the results [7-10] of INDO [13] and CNDO/2 [14] quantum mechanical 
procedures, the predictions about position and energy differences arc in better 
agreement as derived with PCILO and PFM than with PCILO and INDO or 
CNDO/2 techniques. 

Among the available theoretical investigations, that carried out with the 
EHT [15] procedure has been apparently less successful in predicting the 
allowed conformations as supported by the experimental data. 

It turns out in fact from the analysis of Kier [5] on ACh with the EHT 
method that for the torsion angles v’l (Q -Gp— -O C) and v ’2 of’s con- 
formation, later found experimentally, in solution [3] and in the crystal of the 
chloride [4], but not in that of the bromide [2], should be allowed on energy 
grounds. 
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I IK I. Schuiiialii: view ol the AC li niolcciiic coircspomling to the starting fully extcndcti TTTT eon- 
forniation Labels lot the eiiiil'ornialioii about the skeletal bonds are in the order from v'n lu i/',. 
loisions aie measured from the aiitiplatiar conformations and arc positive for counterclockwise 
rotations, v'„(( (),„ ( ,, (',>). r,(('i4 C,- ().„ (\,), v'.fN^ C,4 (),„|, i/'dC^ N, (',4 

<■, I. V.IIIm < o, N. < ,.1. .,mM„ (•„ N, C,,,!. (■- N, (',4) 

Uul as K icr carried out the analysis by varying the torsional angles individually 
and with large increments a more complete analysis based on results derived 
at the same level of complexity of the other procedures has been considered to be 
appropriate. 

This, as well as the successful computations on a number of charged molecules 
carried out with the r.HT and PEM techniques [16. 17] prompted us to under- 
take a re-examination of the allowed conformations of the ACh molecule with 
the EHT procedure. 

A comparison of a number of Q.Cp unsubstituted derivatives of choline 
indicates that bond lengths and angles used in the previous PEM analysis [6] 
were accurate enough for the purpose of this investigation (Table 1), therefore 
we used them also in the present investigation, however a number of peculiarities 
derived there from refinements on a group of seven torsion angles have been 
incorporated in the starting conformation of ACh. 

It was shown in that paper that by labelling with T an extended antiplanar 
and with G a folded ( ~ 120 of torsion from antiplanarity) synclinal conformation 
about a bond and by taking into consideration the sequence of the torsion angles 
from v’o to V’.r *)• four conformations corresponding to the TTTT. TGTT, 
TTGT and TGGT ones, turned out to be grouped in the rather narrow energy 
range of 0.8 kcal/mole. After refinement of these four conformations it was found 
for two of them (TTTT and TGTT) an almost exactly antiplanar conformation 
about v '3 (C — N — Cj — C^) but a deviation from antiplanarity of about -6“ for 
the other two (TTGT and TGGT)'. Furthermore the methyls on the onium 

‘ It is inlercsting to remark that in the most feTincd structure of ACh chloride [A] the torsion 
about i/'.i as nicusurcU from the sequences C. N, C|4 C|-, C^ N, C',4 C,,. C’m N, Ci4-C|-are 
R'spectivcb V, -K. 6 degrees. The mean value of - 7.5 is therefore in good agreement with 

the theoretical predictions. 
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Values for acetylcholine bromide are derived from Ref [il]. 
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I'iji. 2. I' I I T energy map of ACli in Ihc undislorted v'.r O' eonfortnalion. I .ncrgy contour lines at 
consluni ineremen's of 0 ? keal'mole. • rulhcrly accurately tlefined conformation V poorly defined 
conformation, l etters are in agreement with Table .1 


group have been found rotated, almost independently from the rotations of the 
skeletal bonds, about —7, 7 and 0 degrees around v’*, i/’s and i/V respectively 
(I'ig- I). 

In the starting conformation of ACh i/’, and i/’^ have been therefore fixed 
at the above mentioned values, while due to the rigidity of the ester bond [2] 
i/’o has been fixed to the antiplanar position. 

To gain insight on the dependence of the quantum mechanical predictions 
from the torsion about v',, two distinct sets of computations have been carried 
out, the first with i/’j fixed at O', the second one with i/'j at -5", 

For the two cases the conformational energy has been derived as a function 
of the two parameters and fpj increased at constant steps of 20' degrees, by 
using in the EHT procedure the parametrization of Hoffmann and Imamura [18], 
slightly different from the previous one of Kier [5]. The most symmetrical 
(V ’3 = 0 ) map is reported in Fig. Z while in Table 2 are summarized the energy 
of the minima corresponding to both situations. 

The lowest energy TTGT conformation already predicted by Kier is 
confirmed but the full set of the allowed conformations falls in a rather short 
energy range, well comparable with the PEM or PCILO ones, and therefore 
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Table 2. EHT energy differences (kcal/mole) for ACh for the undisiorted = 0 and for the distorted 
= - 5" model. Energies are computed from the global minimum TTGT at i/'j = - 5' fixed at zero 


Conformation 

Model 


TTTT 

<('.1 = 0' 
1.6 

i(>, = - 5 ■ 
1.6 

TGTT 

2.4 

2.5 

TTGT 

0.4 

0.0 

TGGT 

l.l 

0.7 

TG*TT' 

24 

2.1 

TTG*T 

0.4 

1.1 

TG*G*T 

1.1 

1.9 


• Starred symbols for negative rotations 


further support is gained to the idea of flexibility of ACh and to the usefulness of 
the above schematization for the allowed conformations of ACh. 

But finer details are likewise worthy of mention. The energy difference of 
about 0.8 kcal/mole computed for the conformations TGGT (v '3 = 0’) and 
TG*G*T (v’ 3 = —5^) (Table 2) is related to a variation of 0.06 A (from 
1.86-1.80A) of the interatomic distance between atoms H(9)...H(18) and to a 
like variation ofO.ObA (from 2.53- 2.47 A) between atoms C(6)...H(19). Likewise 
the greatest energy variation computed for equivalent pair of conformations is 
that between TGGT (vj=-5') and TG*G*T (t/’3=-5‘). The value of 
1.2 kcal/mole correspoitds to a change in the interatomic distances of the 
mentioned pairs of about 0.14 A. We arc amfident therefore that inaccuracy in 
bond lengths, of the order of those derived from crystal structures determination, 
that are from three to five times smaller, and of few degrees in the bond angles 
are likely to bear no significant role on the picture emerging from the present 
computations. 

Further the energy barriers that have been found in some instances to be 
greater than the experimental ones [15] are in ACh for rotations about i/y m 
the -120' <Vi< 120' region lower than those predictable from PHM compu- 
lations. This result is in agreement with the INDO [7], PCILO [8] and 
CNDO/2 [10] predictions even if the last three mentioned procedures allow for 
greater flexibility about this torsion an^e. clearly a point open to further 
investigation. 

Anyhow in agreement with former observations the F.HT computations 
allow for greater accessibility in conformational space [ 18], a feature in common 
to other quantum mechanical procedures [19]. 

The computed maps account for the distribution of the experimental points 
(Fig. 2) in a rather sati.sfactory way. to the conformation TTGT of the lowest 
energy minimum correspond, among the others, the observed conformations 
of ACh in the crystal of chloride [4] and in solution [3], the conformation of 
carbamylcholine^ (Carbachol) in solution [20] and the conformation of 

^ The F.HT and rNIX)/2 conformational energy maps of Carbachol ate quite similar w that 
of ACh. The ACh maps can be therefore profitably used to inlerprete the allowed conformations of 
the group of the carbamylcholine derivatives with unsubstituted C,- -Cf hydrogen atoms. 
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Table 3. C onformations of a number of choline derivatives. Capital letters are in agreement with those 

of Fig 2 




VT 

V'j 

Ref. 

-i 

Acctylclidlinc bromide 

- 101 

- 10.3 

[24] 

« 

Palmilylcholinc iodide 

G 

G 

[2-5] 

( 

Stearylcholinc iiulidc 

G 

G 

[25] 

1) 

Slcarylcholinc bromide 

G 

G 

126] 

1. 

l.aurylcholinc KKlidc 

G 

G 

[27] 

1 

1 -7-glycerylp)iiisphorylcliiilinc 1 

42 

- 107 

(28J 

(l 

nimclhyl-5.6-phcnylcarbaniylchiilmc bromide 

17 

99 

[21] 

II 

1 -laetoyleholine iodide 

- 23 

- 95 

|24J 

1 

Aeelyleboline chloride 

13 

95 

[4] 

1 

Acciyk'holinc 

T 

G 

13] 

M 

( arbamyleholine 

r 

G 

[20] 

.V 

I ■'3r-glyLcryl|jlinsphfiryIcholinc CcK'h 

r 

- 1.30 

[301 

() 

1 a-glyeerylpliosphorylcluilinc II 

- 40 

105 

[28] 

/’ 

IMicnyl-4-ciirhamylclu)linc bnimido 

74 

18 

123] 

y 

< arhitmylcholinc hretmide 

6 

- 2 

[22] 

K 

Methyl-4-car(>iimylcholinc bromide 

8 

107 

[29] 


dimcthyl-5,6-phcnyl-C'arbachol in the crystal of the bromide [21], the TGGT 
conformation 0.7 kcal higher has been found in the crystal of ACh bromide [2], 
the fully extended TTTT one 1.2 kcal higher in the crystal of Carbachol 
bromide [22] and finally the less favoured TGTT one in the crystal of 
phcnyl-4-C'arbachol bromide [23]. 

In conclusion the HH T predictions compare rather well with those of PEM 
and PCILO, and the useful schematization previously made [6] of four preferred 
regions is well supported. 

Moreover, notwithstanding the dilTcrcnces in the relative order of the minima, 
the allowed conformations arc always grouped in a range of about 2kcal/molc 
and under varying field of forces any one of them can be easily preferred against 
the others. 

This work has been carried out with financial support of the Consiglio 
Nazionalc delle Ricerche. 


References 

1. Ccincpa, F.Ci.. Mouney.F.F'.: Nature 207, 78 (1%5). 

2. Canepii, F . ( J . Pauling P.. .Siirum. H. : Nature 219. 907 1 1 966). 

.3. Culvenor.C.C.J., Ham.N.S ; t hem. Comm. 15. 537 (1966). 

4. Merdklol/,J.K.., Sass.R. L.: Biochem. biophysic. Rei>- Commun. 40. 583 (1971). 

5 K-ier. L. B : Molecular Pharmacol. .3, 487 ( 1967). 

6. Lii(uori,A. M., Dumiani.A.. IX' Coen,J.L.: J. molecular Biol. 33, 445 (1968). 

7. Beveridge. D.l... Radna.R.J.: J. Amer. chem. Soc. 9.3. .3759 (1971). 

8. Pullman. B.. Courriere, P.. Coubeils.J.L.: Molecular Pharmacol. 7. .397 (1971). 

9. Ajb.n.. Bossu.M.. Oamiani.A.. Fiden/i.R.. Cigli.S.. Lan/.i.l... l.apiccireUa.A.. 3. theorel. Biol 
34. 15(1972). 

10. Ajb.D., Bossa.M.. Damiuni.A.. Fidcnzi.R, Gigli.S.. Lanzi.L.. ScarponeC.; submitted to Garz. 
Chim. It. 

11. Liquori.A.M., DamiancA, F.lefantc.G.; J. Mol. Biol. 33, 439 (1968) and references therein. 




An EHT Re-F.xaminaiion of Acetylcholine 281 

12. Diner, S.. Malrieu.J.P.. Jordan.F., Oilbcrt.M.: TheorcL chim. Acta (Berl.) 15 , 100 HW and 
references therein. 

1.1. Pople.J.A., Beveridge. D.L.. Dobosh.D.A.: J. chem. Physics 47. 2076(19(t7). 

14. Poplc,J. A.. Segal.G.A.-. J. chem. Physics 43. SI 16 (1%51. 

15. Hoffmann, R.: J. chem. Physics 39. 1.197 (1963). 

16. Bos.sa,M., Damiani.A., Pidenzi.R.. Gigli, S., l.cli.R., Ramiinni.O.: Thcorct. chini Acta (Bcrl.) 
20.299(1971). 

17. Bossa.M.. Damiani.A., Fidcnzi.R.. Gigli, S., I-an/i.L.. l.eli.R.. Ramunni.G.i submitted to Gazz. 
Chim It. 

18. Hoffmann,R., lmamura.A.: Binpolymcrs 7, 207 (1969). 

19. Pullman,B.: In: Aspects dc la chimie quantique contemporainc. R. Daudel and A. Pullman. 
Ed. CNRS.. p. 261. Paris, 1971 and references therein. 

20. Conti.F., Damiani.A., Pietroncro.C.. Russo. N.; Nature New Biology 23.1. 212 1 1971). 

21. Babeau.A.. Barrans,Y.: C. r, hebd. Seances Acad. Sci. Paris 270. 609 (1970). 

22. Barrans.Y., Clastre.J.: C. r. hcbd. Seances Acad. Sci. Paris 270, .106 (1970) 

21. Barrans.Y., Dangoumau.J.: C. r. hebd. Seances Acad. .Sci. Paris 270 . 480 (1970). 

24. Chothia.C., Pauling.?.. Nature 219 . 11.56(1968) 

25. Stora.C.: Bull. Soc. chim. 199 , 867 (1949). 

26. Stora.C.: Bull. Soc. chim. 200 . 874 (1949). 

27. Stora,C.; Bull. Soc. chim. 21 . 1 . 881 (1950). 

28. Abrahamsson.S.. Pascher, I.: Acta Cryst. 21. 79(1966). 

29. Barran.s,Y.. Bidcau.J.P.: C. r. hebd. Seances Acad. Sci. Pans 270, 994 (1970). 

.10. Sundaralingum. M.: Nature 217, 15 ( 1968). 


Prof. Dr. A. Damiani 

Istituto di Chimicu IX'llc Macromoiccole 

Nuclco di Roma 

Roma. Italy 



Theorcl. chim. Acta (Berl.l 30, 282 (1973) 
by Spnngcr-Vcriag 1973 


Recensio 

b. A. C'ottun. (i. WilkiiLson: Advanced Inorganic C'hembitry, 3rd. Ed. 1170 pages. Chichestei 
John Wiley & .Sons Ltd. 1972. L 6.50. 

"Advanced Inorganic (’licmisiry“ von K. A. Cotton and U. Wilkinson ist nun in seiner drille 
AuMage bci John Wiley & Sons erschienen. Nicht ohne Cirund fand das Werk aueh im deutschspri 
chigcn Kaum die /wcile Auflage wurde ins Deutsche uberselzt - cine weitc Verbreitung. 

IX-r i'orlgcschrittunc Student findct neben cincm breit gestreuten Tatsachenmatcrial, woN 
allcrdings nach dcr pcrsonlichcn Mcinung dcs Rc/ensenten die Chemic der Obergangsmetallkomplc: 
ctwa ini Verhiiltnis /ur Chemie der Nichtmctallc clwas zu stark hetont wird. vergieichendc BctracI 
tnngen aid' der Basis theorctischcr und rezeptartiger Vorstcllungen. Zahlrciche Hinweise auf weitei 
I'tihrcndc I.ilerutur geben dem Lescr die Moglichkcit, sich schnell in ein spezicllcrcs Oebiet einarbeite 
/u ktinnen. 

IJaU gcgcniiher dcr /.wciton Aullage das erste ICapitel iiber die Elektronenstruktur der Aton" 
weitgehend weggef'allen ist, mag insofcni positiv /u beurtcilen sein, als cine solch kur/e Einfuhrun 
iihnchin kuuin /u cincm Vcrsliindnis luhrcn kann. 

I.inige. inchr das (irundsiitzllchc bctrcllende Anmerkungen scicn nix;h gcmacht; 

lus ist eincrscils ywcd'cllos deutlich rest/ustellcn. duB sich die Autoren des Modcllcharaktcrs dc 
gebotenen Vorstcllungen 7ur Thcoric dcr chcmischen Bindung durchaas bewuBi sind; andcrerscit 
isl /.u hc/weiCcIn, dtiU dtes den thcorctisch wenigcr gcschullcn Ixscrn. welche wohl weit in dcr Oberzah 
Sind, auch klar svird. 

So kann das Kapiicl iiber die Natur der chemi.schen Bindung cincm solchen Lescr in grdflcrc 
Pu.ssagcn kaum vcrstiindlich scin. Die Erkliirungcn /ur ..Kesonanzenergie" sind ohne die Kenntniss 
dcs Variationsprin/ips der Ouantenmevhanik nicht zu verstehen. Das Obcriappungsintegral S i 
I'ormcl 3. 15 bci dcr I'luusibilitiitsbctrachtung /ur Resonanzstabili.sierung zu vernaehlassigcr 

wulircnd cs an underen Stcllen als MaB fur die Starke einer Bindung gcwiihlt wird, erschcinl nich 
/wtngcnd, Anders gesagt; 

Lntwedcr ist dem lescr das Variationsprin/ip bcreits bekunnt, dann ist die gebotene ..Pseude 
ahicitung" ubcrtliissig. odcr cs ist ihm nicht bckiinnt. und dann verstcht er die Zusummenhiinge aue 
nach dcr Lcktiirv dcs hctrcricndcn Abschniltcs nicht. 

I'.in aiidcrcs Beispiel sei noch hcraasgegrirTcn. Aiissagen uber die Bindungsvcthiiltnisse im SiK 
wie: "It IS probable that both ionic covalent resonance and multiple bonding contribute sign' 
ricantly", sind typisch t'lir gcwisse Argumentationsweisen : Man kann cine MeBgrdBc (Bindung: 
ahstand) thcorctisch auf cinfachem Wege nicht verstehen und man erklart einfach, daB da wob 
mehrere ..Griindv" vorhanden scin muBten. obwohl cs nur einen Grund gibt, niimlich cine bestimmt 
Luge des Encrgieminimums. DaU die Bcschrcibung dcr Elcktroncnzustande cincs Molckiils bessc 
wird. wenn man dcr cine Grcn/formcl rcpriiscnticrenden v-Eunktion weiterc bcimischt, i.st aufgrunt 
des Variutionsprin/.ips sclhslvcrstiindlich. Die I'atsachc. daB die realiter vorliegcndcn Bindungs 
verhiiltnisse im Valcn/strichsehema nicht darstcllbar sind, wird als Begrtindung dafiir gewahit, dal 
verschiedene ihrc ..li.xisienz" nur dem Niiherungsverfahren nicht aber der Natur verdankendc ..Antci 
le" iiberlagcrt werden. 

Ocrcchterweise muB gesagt werden. daB die Autoren an einigen Stellen auf den jeweiligen Nahc 
rung.scharakter dcr Methode hinweisen. aber diese Hinweise werden Ictztiich ubertesen, wenn de 
Ixser nicht erkennen kann, wonn denn nun die Naherung besteht. 

Bcim C'lb'^-Molekiil wird gesagt, daB die Hiickelthcone einen F Cl F Winkel von ca. 80 nahc 
gelcgt, ein Wert, dcr mit dem Experiment balbquantitativ iihcreinstimme. Dcr Rezensent wurde eim 
umgckchrte Argumentation bevotzugen. ctwa: ..Das Experiment ergibt einen bestimmten Winkel . . . 
ein Ergebnis. das sugar schon im Rahmcn der erweiterten Hiickcltheorie vcrstiindlich wird." 

Das Buch ist insgesumt durchaus cmpfehicnswcrt, aber nur fiir den. der aufgrund solider theore 
tischcr Vorbildung zwischen Mylhologie und Theoric zu unterscheiden weiB. 
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The IC’SCI'" method is applied to the culciilalion of orbital eneigies as a lunelion of bond angle 
for several AH, molecules. The resulting orhi'-il energy diagrams are quite similar In appearance to 
the canonical SCH results even though the sum of the K'SCF energies is the St t' energy The method 
IS also applied to l.i,<). CO_,. HCN and a few All, molecules with similar results. I'he sum of the 
ICSCF valence orbital energies generally correlates better with the equilibrium bond angle than does 
the similar sum of canonical orbital energies 

Rev worifs ■ Walsh’s rules Orbital energies 


Introduction 

Rules for predicting the geometry and spectra of triatoniie molecules have 
been formulated by Walsh [1] and Mulliken [2] in the molecular orbital language. 
Implicit in Walsh's foimulation is a set of “binding energies". assiKiatcd with the 
orbitals, having the property that changes in total energy arc given approximately 
by changes in the sum of the orbital energies. Thu.s. in discussing geometry. Walsh 
a.ssumed that the minimum total energy occurred where the sum of the orbital 
energies was minimum. Also, in discussing spectra, differences of orbital energies 
were used to predict the relative positions of excited states. 

Within this context Walsh estimated in detail how the energy of each molecular 
orbital would vary with angle in various trialoinic molecules. The.se estimates 
have proven to be fairly accurate although certain ones of them were signiricuntly 
in error. Based on his detailed estimates, Walsh was able to correctly predict 
the geometry of most triatomie molecules. 

Since these original papers, there have appeared innumerable articles at- 
tempting to formulate in a rigorous manner these superficially simple results. 
No attempt will be made to review these articles here since a review paper has 
recently been written by Buenker and PeycrimholT [3]. Clearly the orbital energies 
as used by Walsh have many of the properties as.sociatcd with orbital energies 
in the Hiickcl empirical interpolation schcmc.s. Extended Miickel theory results 
do generally parallel the predictions of Walsh’s rules (even when they arc wrong) 

[4J. 

Within the Hartree-Eock Vamework the situation is more difficult Let 



(1) 

A 


F = /7 + 2J-K 

(2) 



2K4 
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be the one-electron 

and Fock operators respectively, and let 




(3) 

and 

II 

(4) 

define the canonical 1 lartree-fTrck orbitals ip, with orbital energy and 

one- 

electron energy 

Then the energy of a closed-shell molecule is given by 



t = ^ (c/ + h„) -t- Kv 
• 

(5) 

where 

t 1 

(6) 


A- n 


Allernatively. 


(7) 

where 




K L (j;. - 

(8) 


I I 


is tilt; clcctrt)n-clcctron repulsion energy. Coulson and Neilson [5] proposed 
that the quantity l/2(/:, 4-/i„) be associated with the orbital binding energy of 
Walsh. While this works to some extent for AH, molecules where does not 
change much with angle, it leads to quite erroneous results for AB, molecules 
such as (.)r\; [6]. 

For many molecules the SC'F orbital energy, i;,, seems to work fairly well. 
Since the charge distribution tends to follow the nuclei. Ky “ K changes slowly 
with angle lot non-ionic molecules. Peyerimhoff, Buenkcr and Allen [7] have 
shown that the sum of the valence orbital r., parallels the true energy dependence 
on angle for some AH, and non-ionic AB, molecules. Two well-known ex- 
ceptions are Ij,C) in which Walsh's formulation and the sum of the SC'F orbital 
energies both fail to predict the linear geometry [6] and HCN for which the 
Walsh formulation makes a correct prediction, but the sum of the c, does not [.IJ. 
Curiously, the fact that the water molecule, H ,(). is also exceptional seems to have 
been overhu)kcd. f'or water, the sum of the valence orbital energies decreases 
with decreasing bond angle so that the sum does predict that H 2 O is non-linear, 
but this sum still has not reaehed a minimum at a 45 bond angle [8] so it can 
hardly be regarded as a reliable prediction of geometry. 

In a previous paper [9] a generalized form of the self-consistent-field equation 
was derived. One special ca.se of this generalization is the internally consistent 
SCF equation. This may be arrived at by noticing that, if the hamiltonian is 
partitioned into one and two body operators as 

W = X [/'('■) + (iV - l)a(/)] -I- X (^1 

i - I 




(in 
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I able 1 .1 The luf 2uf Ih? ^<^1 ’Hi state of C'H, 



VO 

1 10 

120 

140 

160 

1X0 

a,. 




RSCF 




III, 

- I2.^W 

- 12 .f.WI 

12.7.777 

■ I2..7746 

- 12.7725 

-12.7316 


2.1, 

- 2.(>in 

- 2.5VXO 

- 2.59.76 

- 2..SS77 

- 2.5X44 

- 2.5X36 


hi. 

- 2.2507 

- 2.220.7 

- 2.20.72 

2.16X0 

- 2.1.771 

- 2.12.7.7 


)/l. 

2.IIK1 

2.1207 

- 2.1217 

- 2.1221 

- 2.1229 

- 2.12.73 


l/i. 

2.275K 

2.,7224 

2.7410 

- 2.7704 

- 2.3X94 

- 2.3964 


iw.' 

I4.l4.f2 

- I4.1S1X 

- 14.19.77 

14 2067 

- 14.2076 

-14.2066 

161 

1. 

fX X25() 

fX XedXI 

7H.X692 

.7X.X755 

- .7X.X726 

- 38.S698 

143 




Canonical 




1 (t| 

1 1 2S62 

1 1 2510 

11.24X7 

- 1 1 2447 

1 1 241 1 

1 1.2797 


2,1, 

OXX74 

0 X075 

0.K60.7 

-- 0.X.5IK) 

- n.S440 

- 0.8424 


-hi. 

■ 0..50X5 

- 0.4752 

- 04.576 

- 0.4221 

0..791 1 

- 0.3771 


l/i. 

0 fX42 

0.7XIX 

- 0.7X07 

- 0.77X9 

0.7776 

- 0.3771 


l/>. 

0.5170 

- 0 5.591 

0.576.5 

0.6047 

- 0.6219 

- 0.62X4 




.f 7015 

.1.7102 

.7.7119 

- 7 7096 

.7.7(X)5 

- 3.695X 

12.7 

ia,'. 

20 2 1 V) 

20.2122 

26.2097 

26.19X2 

-26.1827 

- 26.17.52 

< 90 


table 14 

Ihc lof2«flM Ihf' l, 

slate of CHj 



‘XI 1 10 

120 140 

160 

1X0 

a,. 


Ill, 

- I2.772X 

- 12.76X8 

te st t 

12.76.59 -I2..7614 

- I2..75X.5 

- 12..7574 


2„, 

- 2.Wi;7 

2..5977 

- 2..5948 

- 2.5911 

- 2.5891 

- 2.58X5 


hi. 

- 2.12.52 

- 2.0980 

- 2.08.76 

- 2.0558 

- 2.0.745 

- 2.0262 


l/i, 

- 2.05X0 

- 2.05X8 

■ 2.0584 

- 2.057.7 

- 2.0564 

- 2.0560 


l/i. 

- 2.2849 

2.3312 

- 2.-7494 

- 2.3773 

2..7940 

- 2.3996 


2..,|i 

- 13.9(K)4 

■ 1.1.97.54 

■ 14.0052 

- 14.0514 

- 14.0790 

- 14.0X82 

1X0 

1. 

- 78.64.59 

- 78.71 19 

- 38.7369 

- .78.7742 

- .78.7960 

- 38.8033 

180 

Ill, 

11.2X24 

- 11.2766 

t 'anonicul 

-11.2742 -11.2704 

- 11.2682 

-11.2674 


2(1, 

- 0.8849 

- 0.8698 

- 0X648 

- 0.8580 

- 0.8.542 

• 0.8.531 


.7(1, 

- 0.0459 

- 0.0161 

- 0.0011 

0.027.7 

0.0491 

0.0575 


16, 

0.3195 

- 0.3175 

- 0.3166 

■ 0.3152 

- 0.3143 

- 0.3141 


16. 

- 0.5270 

- 0.5702 

- 0.58X0 

- 0.6161 

- 0.6.7.71 

- 0.6.791 



- 3.4628 

- .7.5150 

- 3.5388 

- 3.57X6 

3 6032 

- 3.6126 

180 


26.0276 

-26.0(,X2 

-26.0872 

-26.1194 

-26.1396 

-26.1474 

180 


Kor the 2, 4, and 6 valence electron molecules (lowest singlet state), BeH,- 
BHt, BH;. it was claimed [7] that the sum of the valence orbital e, correlated 
correctly with the geometry. The present results agree with the claim except 
that the orbital energy sum seems to predict too small a bond angle. Also as in 
that study [7], this correlation of geometry and the sum of the £, was not found 
to hold for the 6 electron system NH,. Examination of the 25 AHj results 
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Table 15. The lof 2a? lM.3«f Ife, =B, state ofCH, 



90 

no 

120 

140 

160 

180 

3 




ICSCF 




lu, 

- 12.1394 

- 12.1404 

-12.1406 

- 12.1411 

- 12.1418 

12.1419 


2a, 

- 2..3931 

- 2.3746 

- 2..367I 

- 2 .3536 

- 2.3424 

- 2.3377 


3a, 

- 1.8800 

- 1.8615 

- 1.8518 

- 1.8.345 

- 1.8237 

- 1.8203 


ih. 

- 1.8801 

- 1.8817 

- 1.8819 

- 1.8820 

- 1.8818 

- 1.8817 


1^2 

- 2.0500 

- 2.0915 

- 2.1075 

- 2.1318 

- 2 1464 

- 2.1513 



- 14.5263 

- 14.5369 

-14.5347 

-14.5218 

-14.5068 

- 14.5(X)3 

1 10 

h 

-38.8051 

-38.8177 

-38.8161 

-.38.8041 

-.38.7901 

-38.7842 

112 




Canoniciil 





- 10.8920 

- 10.8893 

- 10.8888 

-10.8887 

- 10.8895 

■ 10.8898 


2u, 

- 0.5805 

- 0.5563 

- 0.5468 

- 0.5310 

- 0.5190 

- 0.5142 


.3^1 

- 0.0373 

- 0.0116 

0.0005 

0.0210 

0.0338 

(1.0378 


Ih, 

- 0.0339 

- 0.0309 

- 0.0300 

- 0.0290 

- 0.0287 

(10286 


\h. 

- 0.1909 

- 0.2323 

- 0.2492 

- 0.2758 

- 0.2923 

0.2981 



- 1.6513 

- 1.6313 

- 1.6210 

- I.6(XI6 

- 1..5837 

- 1..S776 

< 90 

■^.11 *■ 

-23.4353 

-23.4099 

-23.3986 

-23.3780 

-23.3627 

- 2.3..3572 

< 90 




I'ahle 16. The luj 2af 16; 

.?tii l/if 

slide i>f CH, 




90 

no 

120 

140 

160 

ISO 


l"l 

- 12.1463 

- 12.1446 

ICSCI 

■12.14.37 -12 1421 

-12.1418 

12.1419 


2</, 

- 2.3676 

- 2.3.542 

- 2.3497 

2..3432 

- 2.3.391 

- 2.3.377 


.3rt| 

- 2.0011 

- 1.9719 

- 1.9556 

- 1.9224 

1.8940 

■ 1,8817 


Ih, 

- 1.8168 

- 1.8194 

- 1,8199 

- 1 8203 

■ 1.820.3 

- 1.8203 


\h^ 

- 2.0405 

- 2.0840 

21013 

- 2.1282 

- 2.14.52 

- 2,1513 


2.',^i/. 

- 14.4509 

- 14.4871 

- 14.4974 

- 14..5062 

-I4..50.32 

-14.5(8)3 

145 

E 

-38.74.32 

- 38.7762 

- 38.7846 

-.37.7901 

. -.38,7869 

- 38.7842 

143 

\„, 

- 10.9(8)4 

-10.8943 

C'unonicul 

-108922 I0.889K 

10.8895 

10 8898 


2u, 

- 0.5585 

- 05375 

- 0,5.303 

- 0.520.5 

- 0.51.54 

- 0.5142 


3(1, 

- 0.16.59 

- 0.1297 

- 0,1111 

- 00742 

0 0426 

- 0.0286 


1/., 

0.0321 

0.0356 

00.367 

0.0379 

0,0380 

0.0.378 


16, 

- 0.1864 

- 0.2279 

- 0.2452 

- 0.2731 

- 0,2913 

- 0.2981 


2:„|(; 

- 1.5915 

- 1.589.3 

- 1.5889 

- 1.58,56 

- 1.58(8) 

1 5776 

< 90 


-23.3923 

-23.3779 

-23.37.33 

2.3.3652 

-23..3590 

-23.3572 

< 90 


presented here show that in seven cases the sum of the valence orbital c, correctly 
predicted the linear geometry, and in one case it satisfactorily predicted the 
non-linear geometry. In three cases it predicted the molecule to be linear when 
it wasn't. But the most consistent trend was shown in 14 out of the 25 cases where 
the predicted bond angle was significantly less than that shown by This 
error was not due to the effect of the core orbitals since inclusion of them in the 
sum only made the quantitative predictions worse. 
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Tabic 17. The I 117 2<i,‘ Ih; 3rxf '.4j slate of NIK 


90 11(1 120 140 IW) 180 


ICSCI 


I((, 

I7..S(KW 

I7.497.‘i 

- 1 7.4946 

17.4873 

- 17 4809 

- 17.4782 


-"1 

.1 7.k: 

.3.7142 

3.707.5 

- 3.6965 

- 3.6881 

- 3.6849 



1 

3.0537 

.3.04.32 

-- 3 0251 

- .3.0137 

- 3.0100 


1/., 

2 9910 

2 9957 

2.9975 

-- .3.(X101 

- 3.(X)20 

- 3.0025 


l/i. 

1 2291 

3 2814 

.3.3026 

.3 .3364 

3 3.578 

- 3 .3653 



200718 

20 098b 

20 lObrfi 

20.1160 

■ 20.1192 

-20.1204 

180 

/. 

07.2b 

-55 0935 

55 0958 

-55.0905 

- 55.0811 

- 55.0767 

1 16 




Canonical 





1 () 1 (.29 

lb. 1208 

16.1 1.33 

- 16 0972 

16 0836 

- 16.0783 



1 SS(S 

1 55M 

1 . 54.39 

1.5215 

- 1.5040 

- 1.4974 


■'«, 

0 9448 

0.9179 

0.9047 

■ 0 8816 

0.8660 

- 0.8607 


lb, 

0 17(4 

0 3b89 

0.3(rfil 

0.3605 

0 3557 

- 0.3538 


lb. 

1 0bl4 

1 (W8 1 

1 1125 

- 1 1.344 

- 1.1464 

1.1.504 


> 

7 1794 

7 1448 

7 1222 

- 7.07.50 

7 0328 

- 7.0170 

-- 90 

*-all' 

- (9 44 “i: 

.39 3864 

- 39.3488 

39 2694 

- .39.2n(X) 

-.39.17.36 

90 




liihlc IS The l(/f2«i lb::3,(l lb; 1 

stale of NIK 




W 

1 10 

120 140 

160 

180 

a,, 

hi, 

- 17 4585 

17 4584 

K SCF 

■17 4572 - 17.4.5.31 

17.4491 

-17,4472 


-"1 

- 3 69'« 

- .3 6874 

.3.6835 - .3.6786 

- 3 6766. 

,3.6764 


3<,| 

3 2364 

- 3 2008 

- 3 1820 3 1448 

- 3 1 142 

- 3.1013 


lb, 

.3 (N06 

- 3(W47 

- 3.0961 - ,3,0984 

- .3,1004 

- .3.101.3 


lb., 

3.2.235 

- 3.2747 

- 3.2956 - 3.3291 

- 3,3.509 

- 3.3589 



20 1 738 

- 20 2197 

-20.2363 20.2586 

- 20 2696 

-20.2732 

180 

/. 

- 55 0908 

55.1-167 

5.5.1.505 -5.5.1648 

-55.1679 

-.55 1676 

168 

I.i, 

16 0787 

16,0732 

C'anonicul 

- 16.(X>94 -16.0609 

- 16.0524 

- 16.0486 


2„, 

- 1.. 5.345 

■ 1.51.59 

1..5086 - 1 4969 

- 1.4889 

- 1.486.3 


3(1, 

- 1.0772 

- 1(M19 

- 1.0235 - 0.9884 

- 0.9596 

■ 0.9476 


1^, 

0.9622 

- 0.9.597 

- 0.9579 - 0.9537 

- 0.9495 

- 0.9476 


lb. 

- 1 . 0.344 

- 1.0751 

- 1.0918 - 1.1182 

- 1.13.37 

- 1.1390 



- 7.1772 

- 7.1836 

■ 7.1822 - 7,1723 

- 7,1543 

- 7.1470 

110 

“.III- 

39.3.346 

-.39.3.3(X) 

-.39.3210 -39.2941 

-.39.2591 

-.39,2442 

< 90 


From the limited data shown here, it would appear possible in some of these 14 
cases that the sum of the c, might show a minimum, and therefore better correlation 
with the total energy, if calculations were done at some angles between 90 and 
1 10 . However, other work by Krauss [1 1] reports decreases in the sum of the c, 
at 5 intervals over parts of this range for ‘-4, CH 2 , NHj, and ^Bi H 2 O" 
which seem to be linear with respect to decrease in angle. 
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Table 1 9. The 1 of luf 1 h; I bf '/I , state of N H ; 



90 

110 

120 

140 

160 

180 


la. 

-17,4819 

- 17.4825 

K'Sev 

-17 4819 -17.4802 

17.4788 

- 17.4782 


2a 1 

- 3.7056 

- 3.6956 

- 3.6923 

- 3.6880 

- 3.6856 

- 3 6849 


3«, 

- 3.1020 

- 3.0722 

- 3.0574 

- 3.0299 

- .3.0100 

- .3,0025 


16. 

- 3‘0089 

- 3.0107 

- 3.0109 

- 3.0105 

- 3.0102 

- 3.01(8) 


16, 

- 3.2441 

- 3.2927 

3.3118 

- 3..3414 

- 3.3592 

- .3 .365.3 


r,.|r. 

- 19.9172 

- 19.9966 

- 20.0.300 

- 20.0798 

-20.1100 

-20.1204 

180 

£ 

-54.8810 

- 54.9627 

- 54.99.39 

-55.0402 

- 55.0676 

- 55.0767 

ISO 

If/, 

- 16.0832 

-16.0X24 

Cunoniciil 

-16.0816 -16.0X00 

- 16.0787 

- 16.0783 



- 1.5263 

- 1.51.37 

- I..5090 

1.5026 

- 1.4986 

1.4974 


3«i 

- 0.4793 

- 0.4422 

- 0.4239 

- 0 38‘» 

- 036.38 

- 0 35.38 


16, 

- 0.8617 

- 0.8620 

- 0.8618 

0 8613 

- 0.8608 

0.X«)7 


16, 

- 1.0374 

- I.OXIW 

- 1.09X2 

1 1270 

- 1.144.3 

- t.i5m 



6.8508 

- 6.9122 

- 6.9380 

- 6.9*18 

- 7.(X»4S 

- 7 0170 

180 


- .39.0172 

- 39.0770 

-39.1012 

-391418 

.39.1622 

-.39 17.36 

180 




Table 20. The Iur2((f 16; 


state of NH, 




90 

no 

120 

140 

160 

180 

t,. 




ICSC'I- 




hi, 

-17.1816 

-17 1X01 

- 17.1783 

17.17.33 

17.1688 

17.1668 



- 3.4327 

3.4159 

3.4092 

- 3.3979 

- 3 .3887 

- 3.3850 


.3(1, 

- 2.7931 

- 2,7678 

- 2.7553 

- 2,7.3.34 

- 2.7191 

- 2 7143 


lb. 

- 2.7910 

- 2.7944 

- 2.7957 

- 2.7979 

- 2.7996 

- 2.8(X),3 


lb, 

- 2.9492 

- 2.999.3 

'• ,3.0192 

- 3,0507 

- .3,(1704 

- 3.0773 


i',.r 

-21.1410 

-21.1604 

-21.1631 

-21.1619 

-21.1560 

-21,15.35 

127 

f 

- 55.5043 

- 55.5204 

.SS.SIVS 

-55 5083 

-55 49.36 

- 55.4872 

114 




Canonical 




lf/| 

-15.5763 

- 1.5..5684 

-15.56.34 

15.5526 

1 5 5433 

1 5 5.395 


2iii 

- 1.1295 

- 1.1059 

1.0954 

- 1.0765 

l,0()|3 

1.0553 


3(/, 

- 0.4805 

- 0.4502 

- 0.4.356 

0.4099 

- 0.3928 

- 0.3871 


lb. 

- 0.5004 

- 0.4953 

- 0,4922 

- 0.4857 

0.4801 

- 0 4778 


lb. 

- 0.6019 

- 0.6424 

- 0.6584 

0.6829 

- 0.6969 

- 0 7017 



- 4.9242 

- 4.8923 

- 4.8710 

- 4.8243 

- 4.7821 

- 4.7660 

< 9() 


- 36.0768 

-36.0291 

- 35.9978 

-35.9295 

-35.8687 

-35 8450 

. . 90 


This tendency to produce bond angles systematically too small can be predicted 
)m Eq. (7). If the hydrogens carry any net positive charge. - V, will tend to 
:rcase as the bond angle is decreased and the charges are brought closer together. 
;nce S2f., must be systematically wrong in just the opposite direction so the 
o quantities will give £scf when added together. The few cases where the bond 
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Table 2 1 . 1 he I of 2af I hi .Vi, 1 fcf , slate of NH j 



9(1 

1 10 

120 

140 

160 

1X0 





ICSCE 




iff, 

■ 17 1777 

- 1 7 1 767 

- (7.17,5.1 

- 17.1717 

17.1684 

• 17.1668 


2u, 

-- .V4I()2 

- .1..19K() 

- .1.19.19 

- .1..1KX5 

- 1.1X56 

- 1.1850 


Vj| 

2 9194 

- 2 90.11 

- 2.KK19 

- 2.X459 

- 2.X140 

- 7.8001 


1/., 

2 7051 

2.70X6 

2.709X 

2.71 IK 

2.7115 

- 2.7143 


If>. 

2.9476 

29974 

- 1.0174 

- 1.0492 

- 1,0698 

- 1.0771 



21.(1662 

21.1(M1 

21.1261 

- 21 1449 

-21 151X 

-21.1515 

1X0 

/ 

55 4204 

55,4644 

- 55.4769 

- .55.4XK4 

- 55.4X87 

- 55.4872 

151 




( anonical 




l.i, 

1 5 51,54 

15 5594 

- 1.5..5.561 

- I.5..54X9 

- 1.5..5424 

-15.5.195 


2,1, 

1 1W91 

1.0X15 

1 0747 

- 1.0641 

- 1.0575 

- 10551 



0 6195 

- 0.5X(a 

- 0.5MI7 

0.5226 

- 0.4911 

- 0.4778 


111, 

0 199 1 

- 0.1965 

- 0..1949 

- 0..19I6 

- 0.18X5 

- 0.1871 


Ih, 

().5y2X 

- 06.149 

0.6521 

0.6795 

• 0.69(X) 

- 0.7017 



4.S02.1 

4.S()()2 

4.X041 

4.7914 

4 7751 

■ 4.7660 

110 

N 

,15 9.1.11 

15.92.50 

15.916.1 

15X911 

■ IS.XS'W 

15.84.50 

‘X) 




1 able 22, I he !«,- 2,;,^ 16? .1<i,- 16,- M 

slate of NH; 




'Xl 

110 

120 

140 

160 

1X0 

X, 




KSCI 




I", 

16.9122 

16,9119 

16.9112 

16 92X9 

16.9269 

16,92.59 


2.1, 

1.1.501 

1.1115 

1 1270 

1 11-50 

• 11052 

1 1010 


.1./, 

2.5212 

2.495 1 

2.4X19 

2.45X1 

2,4420 

2.416() 


16, 

2.4294 

2 4121 

2.4111 

- 2.41.50 

- 2 4162 - 

2.4166 


16. 

2.6X45 

- 2,7110 

- 2,7494 

- 2.7779 

- 2,7957 - 

2.8019 



21.5708 

21. .58.18 

21 .58.12 

21.5720 

21.5.5X2 

21.5.522 

115 

1. 

- ?? 4W 

- 55 447X 

-55.4452 

- 55 4298 

-5.5.4118 - 

55.4(140 

1 10 




C 

inonieal 




Ill, 

- 15 1475 

-1,5.1409 

- 1.5.1.176 

- 1.5.1,108 

-1.5.1251 - 

1.5,1227 


2,/, 

0 7180 

0.7144 

- 0.7(M6 

(16X71 

- 0.6729 

0.6670 


.1,1, 

- 0.0X65 

- 0.0528 

- 0.0170 

- 0.(XI92 

0.(X)91 

0.0155 


16, 

- 0 0011 

0.(X119 

0,(K)44 

0(X)91 

0,0116 

0.0155 


16, 

- 0.2(N5 

- 0.2511 

- 0.2677 

0.2911 

- 0.10X2 - 

0.1111 



- 2.0746 

- 2.0404 

- 2.0274 

- I.997X 

- 2,(K)80 - 

2.0222 

< 90. 180 

".HI*- 

- 12.,16% 

- 32.3222 

12,.K)I0 

-.12.2594 

- .12.2.5X2 - 

12.2676 

< 90 


angle was overestimated were the cases where one would expect the hydrogens 
to carry a net negative charge, and the bulk of the cases such as HjO where the 
bond angle was underestimated were just those cases where the hydrogens were 
expected to carry a net positive charge. 
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90 

no 

120 

140 

160 

180 

a,. 

la, 

-23.1.359 

-2.3.1329 

ICSCI- 

-2.3.1.300 - 23.1226 

-2.3.1159 

-2.3.1131 


2«, 

- 4.7054 

- 4.6913 

- 4.6857 

- 4.6766 

- 4.670.3 

- 4.6679 


.3u, 

- .3.9189 

- 3.8909 

- .3.8780 

- 3.8558 

• .3.8410 

- 3.8.360 


IS, 

- .3.9352 

- .3.9401 

- .3.9422 

- 3.9458 

- 3.9484 

- 3.9495 


Ih, 

- 4.0531 

- 4.1071 

- 4.1290 

- 4 16.37 

- 4.1856 

- 4.1932 



-29.2900 

-29.3187 

-29.3276 

29.3380 

-29.. 3422 

- 29..34.37 

180 

E 

-75.5617 

-7.5..5844 

-75.5875 

-75.58.32 

-7.5.5741 

- 75..5698 

119 

III, 

- 21.1317 

-21.1184 

Canonical 

-21.1101 -21.0919 

-21.0764 

-21.0702 


2<(, 

- 1.8651 

- 1.8412 

- 1.8296 

- 1.8080 

- 1.7914 

- 1.78.50 


3fl, 

- 1.0931 

- 10615 

- 1.0460 

- 1.0185 

- 0.99% 

- 0.‘W29 


Ih, 

1.1444 

- 1.1.366 

- 1 1.316 

I.I2I0 

- 1.1120 

- 1.1084 


•'’I 

- 1.1X50 

- 1.221.3 

- 1.2.354 

- 1.2561 

- 1.2674 

- 1.2708 



- 9.4308 

- 9.3846 

- 9.35.36 

- 9 2862 

•• 9.2288 

- 9 20.58 

< 90 


-51 6942 

-51.6214 

-51.5738 

-51.4700 

-51.3816 

51 .3462 

90 


Table 24.The lu' 2af l/>5 .3</| l/tf ^.4, Male of HiO' 



90 

no 

120 

140 

160 

180 

y,. 




ICSCF 




Im, 

-2.3.12.35 

-2.3.1237 

-2.3.1226 

-2.3.1190 

-2.3.1149 

-23.1131 


2a, 

- 4.6X80 

- 4.6778 

- 4.6744 

4.6700 

- 4 668.3 

4.6679 


.3((| 

- 4.0868 

- 4.0472 

- 4.0274 

.3.<hW.3 

.3.9611 

.3 9495 


16, 

.3 8232 

■ 3.8278 

- .3.8296 

- 3.8326 

- .3.83.5(1 

.3.X.3M1 


16, 

- 4.0572 

- 4.1092 

- 4.1.305 

- 4 1640 

- 4.1856 

- 4.1932 



-29.22.36 

-29.2768 

-29.2964 

29.32.35 

-29.3389 

29.34.37 

180 

E 

- 75.4704 

- 75.524.3 

-75.5416 

- 75..56I5 

- 75.5685 

- 75.5698 

180 




(anonica) 





-21.10.34 

-21.0977 

-21.09.35 

-21.08.37 

21.0743 

-21.0702 


It, 

- 1.829.3 

- 1.8141 

- 1 8074 

- 1.7958 

- 1.7879 

- 1.7850 


■Vi, 

- 1.2402 

- 1.2019 

1.1827 

- 1.1469 

- 1. 119.3 

1.1084 


16, 

- l.tKWO 

- l.(X)70 

- 1.(8149 

- I.OIKXI 

- 0 9950 

0.9929 


16, 

- 1.1694 

- 1.2097 

- 1.2261 

- 1.2514 

- 1 2661 

1.2708 



- 9.2568 

- 9.26.35 

- 9.2595 

9 2413 

- 9.217.3 

- 9.2058 

1 10 


-51.46.36 

-51.4.589 

51 4465 

--51..38I7 

-51. .3659 

- 51. .3462 

•. 90 


The ICSCF results are somewhat superior to the canonical results. The lui 
ICSCF orbital energy changes with an^e, on the average, only half as much 
as does the RHF c, (but notice later that wherever the ICSCF makes the wrong 
prediction, it is, by definition, due to the change of the loj energy). Except for 
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Table 25. The la,’ 2af Ihj 3a; ]hf 'A, slate of H,0 



W 

11(1 

120 

140 

160 

180 

a,. 




IC sc h 




1((, 

22.X()2‘i 

22.8010 

- 22 7475 

- 22.741 1 

- 22 7844 

- 22.7821 



4 

- 4..1.54X 

- 4 ..I 44 .I 

- 4..1400 

- 4.11.10 

- 4.1.101 


'■'i 

■ 4.5‘X.S 

- .1..5MX 

- .15447 

- 1.52.10 

- 1..5048 

- 1.4485 


i/i, 


1.484(1 

14414 

14448 

- 1.4474 

- 1.4485 


i/<. 

■ .17158 

■ 1.7887 

- 1.K04K 

- 1.8424 

- 1.8618 

- .1.8711 


\ 

— vjI'* 

.1(1 1718 

- .10..14.5X 

-- .10.41X14 

-.10.4014 

- 10..1480 

- 10.1964 

115 

/■- 

75 4787 

7.5 44.54 

- 75 4454 

- 75.4815 

- 75.9678 

-7.5.9608 

115 




(’iinotiicai 




1'^ 

2l)..5(i5(l 

20.5.548 

20..5481 

-20.51.12 

-20.51‘W 

- 20.5144 


-"1 

1 .17(1 1 

1 .1552 

- 1.1452 

I..12(i2 

1.1110 

- 1.1048 


1(1, 

(1 .5428 

0.557(1 

0.5405 

0.5102 

- 0.4844 

- 0.4821 


l/i, 

0 fit 17 

0 .5055 

0.50/ft 

0.4410 

0.4851 

- 0.4821 


111, 

0 (iS4 1 

0.7241 

0 7447 

0 7677 

0.7801 

- 0.7841 



f, 1144 

(1.2448 

ft 2ft40 

6 1442 

- 6 1.120 

- 6. 1(8)6 

< ‘70 


47 4(i44 

47 4((44 

47 .1602 

47 2606 

47 1718 

-47 11.54 

40 


ik'Hj. ('i„ changes less than I5kcjil (and usually only half that amount) as th 
bond angle varies from 90-180 . The other orbital energy curves are generall 
similar to the K HF results. The 2«, orbital energy still has a positive slope, bu 
perhaps a little Ic.ss steep. The Ih, and .Fm, orbital energy curves are nearl 
identical in shape to the canonical result. The lb, curves arc generally even flalte 
than the canonical curves in closeY agreement with Walsh’s assumptions. Th 
dependence of the orbital energy on whether the orbital is occupied or vacan 
is le.ss pronounced than for the canonical orbitals but still sulDcient to caus 
the orbital energy plots to vary in appearance from molecule to molecule rathe 
more than Walsh assumed. 

By definition, the sum of the ICSCF orbital energies is the SCF energy. s« 
the only relevant question is whether the sum over only the valence orbital 
correlates with the geometry. In the 25 examples considered here, the correlatioi 
was satisfactory for all 8 of the linear cases and 8 of the non-linear cases. In thi 
remaining 9 non-linear cases, the bond angle was significantly overestimated 
In these latter cases, however, this occurred because the energy curve was quit' 
flat so that a small error in the energy caused a large deviation in the bond angle 
On the whole, the ICSCF results are right about twice as often as the canonica 
results. There is no apparent qualitative dilTerence between the cases where tin 
ICSCF valence energy sum works and those where it does not. In almost ever; 
case the In, orbital energy has a small positive slope so that omitting it lead: 
systematically to too large a bond angle. 

Because the results for AH 2 molecules lend to be too good [3], it is of interes 
to consider three other molecules: CO 2 . Li20, and HCN. Carbon dioxide is f 
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I 1^.33 Orhiliil energies lor llic l</r 2(if 3(/, Iftf ’/l| stale ofOllf 



l ig. 23. Orhilal energies for the \af2af Ihj .3(/p Ihf slate of OM, 


good example of an ABj system for which all theories work. Walsh's diagram, the 
canonical energies (Fig. 24a). and the ICSCF energies (Fig. 24b) are quite similar, 
and all predict a linear molecule. When considered in detail, it is seen that the 
and Ih, orbitals change with energy more than Walsh imagined, but their 
sum is nearly constant. The 4<t, orbital (analogous to the 2a, orbital for AHj) 
has a slight positive slope rather than the large negative slope predicted by Walsh. 
The l/j, and Sa, orbital energies are nearly constant in agreement with Walsh, 
but the slope of the Sa, orbital has the opposite sign from his prediction. The 
3^2 orbital is in the right place, and the slope has the predicted sign but a rather 
smaller magnitude. The la 2 , 4^2. and the ICSCF 6a, and 2h, are just as Walsh 
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I-ig.24. a Canonical energies for the l<if 2«r l/.f 5<if ',4, slate of Ct)j. 

b ICSCF energies for the l<tf 2rtf IM 2/»;4<ir Ihf Sof .thj loUh; U, stale of CO^ 


0 I 


-0 I 


-0 3- 


-I CH 


•• 


3b, 


lb, 

.f- 


ib. 


3a, 



90" 120* 150” ISO” 
Conontcol 


lb. 


30, 


-24 


-26 


-2 8 
-29 


1-35 

36 


9cr I2cr 150" 180” 
ICSCF 


Fig. 25. a Canonical energies for the 1 uf 2«f 1 hj 2M 4af I ft? '.4 , stale of l.ijt). b ICSCF energies 
for the laf 2of l/>j 3af 2hj4af Ihf 'A, stale of Li-ti 


predicted. The molecule in this model is linear largely because of the 4/13 non- 
bonding 71 electrons. 

The Li20 molecule is formally similar to H 2 O in its valence electron structure 
and hence should be bent in the Walsh model. The canonical orbital energy 
plot (Fig. 25a) resembles that for H 2 O although the slope of the curves is much 
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l ig. 2ft. a ( ancinicul enerpics for the la^ 2a‘ 4a^ 5a’ Ih'^ (tu^ ‘-4, slate of HCN. b ICSCl' cnergiet 

for the lu^ 2a^ 2a^4u‘ 5a’ Ih^fta^ slate of HCN 


Table 26. I he ground state of COj 



do 

120 

150 

180 

a,. 



ICSCF 



la. 

- 2.3.4706 

2.3..5096 

2.3.5211 

- 23.5225 


2 «, 

- 14.5107 

14.4714 

-14.4601 

- 14.4582 


.la, 

- 4.789.3 

- 4.7194 

• 4,690.3 

• 4,6826 


4a, 

- .3.97.30 

- 3.9572 

- 3.9499 

- .3.9472 


5a, 

.3,9166 

- 3.8954 

- 3,8891 

- 3,88% 


Ihj 

-23.4708 

- 2.3..5097 

23.5212 

~ 2.3.5225 


26, 

4.4999 

- 4.574.3 

- 4.6116 

- 4,6238 


.36, 

- .3.8376 

- 3.8623 

- 3.8718 

- 3.87.38 


46, 

- 3.5.327 

- 3.6464 

- 3.679.3 

- 3.68.36 


16, 

- .3.9183 

• 38968 

- 3.8901 

- 3.8896 


la. 

- .3,6401 

- .3.67.37 

- 3.6826 

- 3.6836 



-64.31 50 

- 64,4510 

- 64,5294 

- 64,5476 

180 

h 

- 187.1190 

-187.4328 

-187.5342 

- 187.5541 

180 



C'anonical 



la. 

-20.616.3 

-20.6601 

-20.6763 

-20.6767 


2 a. 

11.5110 

-11.5027 

-11.5076 

-11.5079 


.3a, 

- 1.6834 

- 1.6130 

- 1.5839 

- 1.5733 


4a, 

- 0.7964 

- 0.8017 

- 0.8021 

- 0.7982 


5a, 

- 0.7278 

- 0.7237 

- 0.7349 

- 0.7390 


16^ 

-20.6164 

-20.6602 

-20.6764 

-20.6767 


262 

- 1.3730 

- 1.4659 

- 1.51.34 

- 1.5262 


36, 

- 0.6793 

- 0.7203 

- 0.7387 

- 0.7404 


462 

- 0.3932 

- 0.5063 

- 0.5410 

- 0.5456 


16. 

- 0.7440 

- 0.7376 

- 0.7398 

- 0.7390 


•"2 

- 0.4923 

- 0.5325 

- 0.5459 

- 0.5456 



-13.7788 

- 14.2020 

- 14.3994 

- 14.4146 

180 


-119.2662 

-119.8480 

- 120.1200 

-120.1372 

180 
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90 

120 

150 

180 




ICSCF 



la, 

-22.3983 

-22.4000 

-22.3981 

-22.3975 


2a, 

- 5.1373 

- 5.13.32 

- 5.1333 

- 5.1340 


3a, 

- 3.5546 

- 3.5569 

- 3.5567 

- 3.5562 


4ai 

- 2.8754 

- 2.8819 

- 2.8831 

- 2.8829 


ll?j 

- 5.1355 

- 5.1.328 

- 5.1332 

- 5.1340 


2*2 

- 2.8798 

- 2.8892 

- 2.8939 

- 2.8953 


lb. 

- 2.8782 

- 2.8813 

- 2.8828 

- 2.8829 


Z,,iC 

-24.3760 

-24.4186 

-24.4.3.30 

-24.4346 

180 

£ 

-89.7184 

-89.7.507 

-89.7624 

-89.76.54 

180 



Canonical 



la. 

- 20.3532 

-20..3408 

-20..3.312 

-20.3281 


2a, 

- 2.4081 

- 2.3806 

-• 2.3686 

- 2.3652 


3a, 

- 1.03.38 

- 1.0200 

- 1.0106 

- 1.0070 


4a, 

- 0.2966 

- 0.2776 

- 0.2661 

- 0.2618 


1*2 

- 2.4062 

- 2.3801 

- 2..3686 

- 2..3651 


2*2 

- 0.3163 

- 0.3191 

■■ 0.3219 

- 0,3227 


1*, 

- 0.2751 

- 0.2695 

- 0.2641 

- 0 2618 


T,.|t 

- 3.84.36 

- 3.7724 

- 3.7254 

- 3.7066 

< 90 


-54.1786 

-53.9754 

-5.3.8622 

-5.3.82.34 

< 90 


less Steep. As discussed previously, for a molecule like HjO or Li^O where the H 
or Li carries a net positive charge, the sum of the canonical valence orbital energies 
gives too small a bond angle. In the case of LijO which is linear, this sum behaves 
just as it did for HjO and shows no minimum above 90 . In the ICSCF model, 
the slope of each of the orbital energy curves (Fig. 25b) is slightly negative so 
the sum of the valence energies correctly predicts a linear molecule. 

In the Walsh model, a molecule such as HCN is intermediate between AH, 
and AB 2 . The \a and 2a orbitals are Is cores. The 3a orbital is supposedly analo- 
gous to 3a, and 2^2, in the ABj system and was predicted by Walsh to not vary 
with angle. The 4a and 5a orbitals are the sigma bonds (analogous to 2a,, 1^2 in 
AH 2 or 4a,, 3^2 in AB 2 ). Walsh predicted both would have negative slopes in 
analogy to his predictions for AH 2 and AB 2 systems. Finally, the \b and 6a 
orbitals are the 7t orbitals (analogous to l(>,,3a, in AHjOr lhi,5a, in AB 2 ).The Ih 
remains a n orbital in the bent molecule and was predicted to be independent 
of angle, while the 6a orbital energy was predicted to have a small negative slope. 
Based on this model, Walsh correctly predicted that HCN should be linear. 
The sum of the canonical valence orbital energies, on the other hand, incorrectly 
predicts that HCN is bent (the sum is still decreasing down to 90" ). This is largely 
due to the positive slopes of the 3a and 5a orbitals (Fig. 26a). The ICSCF orbital 
energy picture (Fig. 26b) is qualitatively similar to the canonical energies with 
only slight changes in the magnitude of the slopes (particularly of the 4a orbital). 
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Table 28. The ground state of HCN 



90 

120 

150 

180 

a. 



ICSCF 



lu 

-17.578.1 

- 17.57.34 

-17.5672 

-17.5651 



- 1 .1..16().1 

-1.1.3761 

- 1.1.3854 

- 1.1.3881 


Ml 

- .16057 

- .3.5707 

- 3.5559 

- 15520 


4ii 

- .11404 

- .3.2057 

- 3.2433 

- 12555 


Ml 

- 2.9428 

- 2.9248 

- 2.9148 

■ 2.9114 


(mi 

- 2 8485 

2.8574 

- 2.8649 

- 2.8642 


]h 

2.8724 

- 2.8675 

- 2.8627 

- 2.8643 



30.8196 

.30.8522 

- .30.8832 

- .30.8948 

180 

1. 

- 92 6970 

- 92 7512 

92.7884 

- 92.8(K)9 

180 



Canonical 



hi 

156741 

- 1 .5.6533 

- I .5.M20 

1 5.6.388 


2,1 

- 1 1..3286 

-11. .33 16 

- 1 1 3.367 

- 11.3387 



i .118 1 

1.2895 

- 1.2714 

1.2673 


4,1 

0.7627 

- 0.7901 

- 0.8083 

0.8144 


Ml 

0.6162 

- 0..590(< 

- 0.5808 

- 0.5782 


(itJ 

- 0.4941 

- 0..50.30 

- 0.5106 

- 0.51.30 


ll> 

0..5480 

- 0.5248 

- 0.51.54 

- 0.5131 



7..5022 

- 7.3960 

7.37.30 

- 7.3720 

< 90 


61 5076 

61. .3658 

-61.3.304 

61.3270 

< 90 



l ablc 29 

riic l</r2</i u--*’ 

•1, stale of Bll 




90 

KMI 

1 10 

120 

7 ,, 

l«, 

- 8.21.58 

ICSCF 

- 8.2094 

8,2022 

- 8.1949 



- 18189 

- 1.8080 

l,8tX)4 

- 1.79.53 


Ic 

- 1.5404 

- 1.5622 

I..5806 

- 1,5962 


3.,, 

1.3629 

- 1.3459 

1,3241 

- 1.298.3 



- 9.7994 

9.8648 

9.9232 

- 9.9754 

120 

1 : 

-26.2.309 

26.2835 

26.3278 

26.3651 

120 

\ii. 

- 7.63.31 

Canr>nical 

- 7.6284 - 7.6245 

- 7.6209 


2 u, 

- 0.7417 

- 0.7252 

0.71.39 

- 0.706.3 


Ic 

- 0.4399 

- 0.4605 

0.4795 

- 0.4963 


.3u. 

- 0.002.3 

0.0155 

0.0359 

0.0591 



- 3.24.3(1 

- 3.2924 

3..3458 

- 3..3978 

120 

'-.Ml- 

-- 18.5092 

-18.5492 

18.5948 

- 18.6396 

120 


Yet these small quantitative changes are sufTicient so that the ICSCF valem 
orbital energies correctly predict the molecule to be linear. 

Calculations have also been carried out on some AH3 molecules with le 
satisfactory results. For these molecules it takes a rather sophisticated bat 
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Table 30. The lof 2af le* ' 4 , state of C H] 


90 


100 


110 


120 


la, 

2a, 

It^ 

3a, 

E 


ICSCF 


12.3907 -12.3891 

2.6436 _ 2.6308 

2.2384 - 2.2630 

2.0767 - 2.0590 

14.2408 -14.3136 

.39.0221 -39.0916 


-12.3863 -12.3829 

- 2.6210 - 2.6135 

- 2.2838 - 2..30I5 

- 2.0375 - 2.0131 

- I4..3772 - 14.43.30 

-.39.1499 -.39.19X9 


Canonical 


la, -11.6892 

2a, - 1.3125 

le - 0 8885 

.3a, - 0.3643 

- 6.1790 
I.,,!. - 29.5664 


- 11.6867 -11.6849 

- 12943 - 1.2806 

- 0.9093 ■■ 0.9287 

- 0..3405 - 0.314.3 

- 6.2258 - 6.2760 

-29.5992 -29.6458 


-11.68.33 

- 1.2702 

- 0.9462 

- 0.2853 

- 6.3250 
-29.6916 


120 

120 


120 

120 


Table 31. The laj 2a{ If* ,3a, ->!, slate of CH, 



90 

KXI 

110 

120 

K, 

la. 

-12.1692 

ICSCF 

-12.1685 -12.1671 

12 1655 


2a, 

- 2.4545 

- 2.4.391 

- 2.4271 

- 2.4179 


U' 

- 2.043.7 

- 2.0718 

- 2,0937 

■ 2.11.34 


3a, 

- 2.0015 

- 1.9764 

- 1.9442 

- 1.9022 


^val 

-15.0973 

-15.1418 

-1.5.17.32 

- 15 1916 

120 

E 

-39.4.355 

-.39.4787 

.39.5074 

- .39.5227 

120 

la. 

- 11.2286 

Canonical 

11 . 22.33 -11.2186 

-11.2146 


2a, 

- 0.9488 

- 0.9250 

- 0.‘)062 

- 0.8912 


U- 

- 0.5081 

- 0.5268 

- 0 . 544.3 

- 0.5605 


.3a, 

- 0.4766 

- 0.4477 

- 0.41.34 

- 0,3699 


lv,| 

- 4.4066 

- 4.4(M9 

- 4,4030 

- 4.3943 

< 90 


-26.8638 

-26.8515 

-26.8402 

-26.8235 

< 90 


set to get the geometry reliably (rather than accidentally) correct at the SCF 
level. For BH3, CH3 , CH3, OHj and NH3 the basis set of the quality used here 
gives the presumably correct planar geometry as judged by other calculations 
and experimental evidence. But this basis set also gives planar geometry for NH, . 
With this difficulty in mind, the RHF and TCSCF results can be compared. For 
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Table 32. The 1 af 2uf e* 3a, M , state of NHJ 


90 100 110 120 



la. 

- I7.1841 

ICSCE 

-17.1846 

17.1832 

-17.1801 


2u, 

- 3.4483 

- 3 4339 

3.4228 

- 3.4147 


k- 

- 2.8954 

- 2.9232 

2.9480 

- 2.9706 


3u, 

- 2.88.‘i7 

- 2.8574 

2.8225 

- 2.7790 



- 21. .3642 

-21.4180 

21.4601 

-21.4908 

120 

t 

• 55.7320 

- 55.7871 

55.8262 

-55.8511 

120 

In, 

- 16.0118 

Canonical 

-16.0048 -15.9971 

-15.9875 


2n, 

- I..5793 

- 1.5559 

1.5.361 

- 1.5189 


k' 

~ l.(X)44 

- 1.0218 

1.0375 

- 1.0511 


3n, 

- 1 0248 

- 0.9935 

0.9581 

- 0.9158 



- 8.2010 

- 8.1925 

8.180.3 

- 8.1581 

< 90 

2-111 

-40.2246 

-40.2021 

40.1745 

-40.1.331 

< 90 


Table . 33 . The lnf2of«’*.3a|^'/4i stale ofNH, 


90 100 no 120 



In, 

- 16.9616 

ICSCF 

-16,9608 -16,9582 

-16.9542 


2n, 

- 3.2.370 

- 3.2174 

3,1991 

- .3,1804 


k' 

- 2.6772 

- 2 70.36 

- 2.7265 

- 2.7462 


3n, 

- 2.4978 

- 2.4819 

- 2.4661 

- 2.4526 



-22.1784 

-22.2110 

- 22.2.364 

- 22,2508 

120 

f 

-.56.1014 

-.56,1346 

-56.1527 

- 56.1589 

120 

In, 

- I5..5449 

Canonical 

- 15.5.3.56 - 15,5247 

-15.5122 


:n, 

- 1.1917 

- 1.1624 

- 1.1340 

- 1.1047 


k 

- 0.5929 

- 0.6084 

- 0.6212 

- 0.6308 


3U| 

- 0.4444 

- 0421.3 

- 0.3991 

- 0.3794 


i. 

- 5.6438 

- 5.6010 

- 5.5510 

- 5.4914 

< 90 

illl 

- 36.7336 

-36,6722 

-36.6004 

-.36.5158 

< 90 


all these molecules the ICSCF valence orbital energy sum predicted a planar 
geometry in agreement with Egce- But the slope of ei, is large enough to make 
this sum continue to predict a planar geometry even for better basis sets for NH3 . 
The sum of the RHF valence energies is still worse, however, since it would 
predict that CHj. NHJ, NH3, and OHJ were all bent to a HAH angle of less 
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Table 34. The laf 2a} e* 3af '/I, stale of H jO* 



90 

too 

110 

120 


la, 

-22.7984 

ICSCF 

-22.7%5 - 22.7922 

-22.7860 


2a, 

- 4.4104 

- 4..3933 

- 4.3773 

- 4..1615 


\e 

- 3.6841 

- 3.7126 

- 3.7375 

- 3.7593 


3a, 

- 3.5233 

- 3.5057 

- 3.4887 

- 3.4735 


2:,.iE 

-30.6038 

-30.6484 

-30.6820 

-30.7072 

120 

E 

-76.2004 

-76.2411 

-76.2663 

-76.2793 

120 

la, 

-21.0404 

Canonical 

-21.0254 - 21.0084 

-20.9894 


2a, 

- 1.8963 

- 1.8657 

- 1.83.56 

- 1.8049 


ie 

- 1.1422 

- 1.1537 

- 1.1628 

- 1.1692 


3a, 

- 1.0246 

- 0.9986 

- 0.9738 

- 0.9511 



- 10.4106 

- 10.34.14 

- 10.2700 

-10.1888 

< 90 


-52.4915 

-52.3942 

-.52.2868 

-52 1676 

< 90 



Fig. 27. Orbital energies for the laf 2a} If* 'A, state of BH j 
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than 90°. The orbital energy versus bond angle diagrams (Fig. 27 29) for all 
these molecules for both the canonical and ICSCF results are similar to those 
predicted by Walsh and previously reported [7]. 
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The ground state energies of CllJ , C'H ,. and CHj arc calculated both in the St'l' (near llartrce- 
r-ock) approximation and in the ll-PA-PNO scheme including correlation energy. Due to a more 
appropriate choice of the basis, cur SCF-values for arc substantially better than previously 
published ones. Both CH^ and C’H, arc planar whereas the equilibrium bond angles in CH, arc 
nearly tetrahedral. The inversion barrier ofCIl, is ' 2kcal/mol. The force constants of the out-of-planc 
bending modes are changed by correlation in the case of CH, from 0.03 l.K mdyn/A. The localized 
MO’s that correspond to the CH-bonds are "bent" in the non.equilibrium geometries. The dependence 
of the different pair correlation contributions on the angle y that describes ouK>f-planc deformation 
is analyzed. The electron afTinity of CH, is -0.3 cV. Finally the Pariser-Parr disproportionation 
reaction Is analyzed in the light of the present results. Changes in correlation energy for this reaction 
amount to less than 1 eV. 

AVl' word.** ' Correlation energy Negative ions ■ Inversion barrier I lyperfine coupling ci>n- 
stant-s Llcciron allinity 


1. Introduction 

Many SCF calculations on CHj , CH3, and CH3 have been publish^ so far 
(for an up-to-date review see [ 1 ]), the most refined ones being those of Millie and 
Bcrthier [ 2 ] and the recent ones [ 5 , 6] of a series of calculations [ 3 - 6 ] by Kari and 
Csizmadia. To our knowledge quantum chemical treatments of these molecules 
that take electron correlation into account are virtually non-existing, only a (. 1 
calculation of CHj that accounts for about 45 % of the estimated correlation 

energy has to be mentioned [5]. , 

The main concern of the present paper is a study of the correlation energjMn 
CH3, CH3,and CH3 and its influence on the properties of these molecules. We 
also found, however, that the previous SCF calculations on CH3 (not CH3 and 
CH,) were performed with inappropriate basis sets. With an improved basts set 
one not only gets a lower total SCF-energy, but also quite a different inversion 

bd.rricr 

It is generally accepted that CH3^ has a planar equilibrium structure with 
symmetry, but less definite information has been obtained so far concerning the 
equilibrium structures of CH3 and CH j' . By analogy with the isoelectronic speara 
NH3 one should expect a C3,, structure for CH^ and an inversion barrier of the 
same order of magnitude, i. e. of a few kcal/mol. 
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2. The Method 

The method used, abbreviated as lEPA-PNO, is the same as in the recent 
papers in this series (see e. g. [7, 8]). We start from a molecular Hartree-Fock 
calculation with a basis of gaussian lobes, the doubly occupied orbitals are then 
transformed to localized ones. For each doubly occupied localized orbital the 
intrupair correlation energy e, and for.each pair of orbitals the interpair correlation 
energy f.ij (a sum of the singlet and triplet contributions ^e,j and is calculated 
“in the field of the other electrons” The total correlation energy is approximated as 
the sum of the different pair contributions. For open shell states like CHj the 
situation is somewhat more complicated, since also correlation contributions 
involving the singly occupied orbitals have to be included. For details and the 
general theory the reader is referred to Ref. [9]. 


3. The Gaussian Basis 

For carbon we started from the IO.v/6/> basis of Huzinaga [10] in the con- 
traction [5,1, 1,1, 1,1] for s and [3,1, 1,1] for p and augmented this basis by a set of 
p-functions' with the small exponential factor »j = 0.021 and a set of d-functions 
with 0.65771. The p-value of the additional p-functions is the result of an 
energy minimization, whereas variation of the tj of the d-functions 
between 0.5 and 1.0 did not affect the energy much, so for convenience the f/-value 
of the most important p-function was used for the d-functions as well. For hydrogen 
the 5.s'-Huzinaga basis in the contraction [3,1,1] was augmented by a p-set with 
rj = 0.65. 

For the calculation of the correlation energy a second incomplete d-set 
(d^,, d,,., il.i) on carbon was included with tj = 0.2. this tj - value was the result of 
an optimization of the intrapair correlation energy of the lone pair in CFIj . In 
test calculations the effect of a 8"' p-set with rj = 0.(X)5 was found to improve the 
energy by only 0.0002 a.u., so it was not included, although it had a coefficient 
of ~ 0.075 in the la'j MO. 

Our basis set differs from those of previous large calculations [2, 5, 6] mainly in 
the presence of as many as 5 sets of p groups one of which is very "diffuse” (t; =0.02 1). 
Kari et C'sizmadia [5] used 2 sets of p groups, Millie and Berthier [2] 4 sets. It 
ought to be obvious that for a negative ion diffuse basis functions have to be 
included. Taking into account that in planar CH3 the orbital energy of the 
highest (Ifl'i) MO is k= -0.0065 the appropr iate STO for describing its tail 
behaviour should be [1 1] re'*' cos^ with (x = \/ — 2exO.\2, such an STO has its 

maximum radial charge density for r = -- v I600. A gaussian with the maximum 

(Z 

at the same distance has tt = j- = — « 0.(X)3. This estimate is, of course, 

2r^ n 

somewhat crude but indicates that unusually small ^/-values have to be included 
for negative ions that have orbital energies close to the ionization limit. 

' p- and (/-functiuns were constructed from lobes. 
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4. Discusdoa of the SCF Results 

We calculated the SCF energy of CH j for the planar and different pyramidal 
configurations (characterized by the angle y which indicates the simultaneous 
out-of-plane deformation of the three CH-bonds with respect to a plane per- 
pendicular to the threefold axis) and optimized the CH distance for each value of 
y. These equilibrium distances r, are given in Table 1 together with the orbital 
energies and the total SCF energy. For y = 0 we find r, = 2.033 1.075 A, for 

7 = 18.5" (which corresponds to HCH angles of 110.4“) we find 
r, = 2.069 Oo = 1.095 A. This increase in bond length agrees with the picture that 
in the planar configuration carbon is sp^- and in the tetrahedral configuration 
sp^-hybridized. The lowest energy of CH3 is obtained for 7= 18.5", and i.e. for 
practically tetrahedral bond angles. Our SCF energy of -39.51995 a.u. is sub- 
stantially lower than the claimed “near-Hartree-Fock energy" (-39.51292 a.u. 
for 7 = 23.5“ and r = 2.090 Oo.) of Ref. [5] or the very similar value ( - 39.5 1 25 a.u. 
for 7 = 22" and r, = 2.040 Uq ) of Rof [2]- That the previous results for CHj were 
unsatisfactory could have been concluded from the orbital energy. In the planar 
configuration the orbital energy of the lone pair was found positive both in Ref. 
[5] and [2], whereas we obtain a negative orbital energy^ 

The omission of a set of "dilTuse" p-AO’s is more serious for the planar con- 
figuration than for the equilibrium geometry of CHj (where even the previous 
calculations gave negative orbital energies for the lone pair), so with a poor basis 
one gets a spurious destabilization of the planar configuration and too high an 
inversion barrier. We are therefore confident that our SCF-value of 2.0 kcal/mol 
for the inversion barrier of CH3 is more reliable than the previous values of 
5.2 [2] or 5.46 [5] kcal/mol. 


I'ablc 1. CH-Uislanccs r, (in ao). orbital energies and SCF energy of CM, and SCF energies ofl II, 
and CH i as functions of the <Mil-of-plane deformation angle y 


CH., 


la'. 




2a, 


3a, 


CH, 


CHi 

Ev'h 


O' 2.033 
5' 2.037 

10 2.044 

20" 2.075 
30° 2.115 
40° 2.163 


-10.9642 - 0.6466 - 0.3196 - 0.0065 .39.51675 

-10.9626 - 0.6449 - 0.3161 -0.0075 - 39,51719 

-10.9573 - 0.6413 - 0.3069 - 0.0107 -.39.5IS4I 

-10.9431 -0.6,306 - 0.2745 - 0.0245 -.39.519X7 

-10.9336 - 0.6266 - 0.2351 -0.0492 -.39.51293 

-10.9356 - 0.6356 - 0.1963 - 0.0843 - 39.48716 


-39,57055 -.39 24471 

- .39.57051 

-.39..56965 39.23173 

-.39.55995 -.39.19173 


' ^ In fact (discrete) positive eigenvalues for occupied orbitals of the Hartrce-l iKk operatoi^f a 
singly negative ion are perfectly meaningless and can only be an artefact of the chasen 
of whether or not the considered state is physically bound. For such ions the potential F(r) in the FikW 

operator fulFils the condition 

lim |r|"'F(r)-0 

and this condition is, as Kato [24] has shown, suTicient for the existence of only negative di^ete 

eigenvalues. Positive eigenvalues are hence only possible in a truncal^ "^rr'reZrire 

always be reduced to zero (for continuum sUtes) or below zero (for bound states) by extension of the 

basis. 
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Table 2 C'oelTicicnt of and r^y* in the expansion of E{y) for C'Hi , CH ,, CHj with and without 

correlation (values in a.u.) 


Molecule 

SCI- 

drjy-*) 

With correlation 

dr*?') 

ch; 

0.1021 

-0.0019 

0.0930 

-0.0046 

CH, 


• 0.0336 

0.0171 

0.0158 

CH, 

-0.0141 

0.0167 

-0.0127 

00172 



We performed the SCF calculations for CHj and CHj as functions of y for 
those CH-distances r,. that were optimum for CHj . A new optimization of r, 
would not have changed the energy appreciably and was not regarded as worth- 
while since the absolute minimum of the energy was found for the planar structure 
both for CHj and CH^ . We have then optimized the CH-distance only for y = 0' 
and found r, = 2.026 Uq for CHj and r, = 2.044 Aq for CHj (compared to 2.033 Aq 
for CHj-). 

Our SCF energies —39.57055 a.u. (r, = 2.026 Aq) and —39.24471 a.u. (r, = 
2.044 Aq) for CHj and CHj respectively may be compared with -39.57148 a.u. 
(r = 2.040 Aq) and — 39.24592 a.u. (r = 2.040 Aq) of Ref. [2] and — 39.57028 a.u. 
(r = 2.038) and -39.24216 a.u. (r = 2.038 Aq) of Ref. [5,6]. The slightly lower 
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values of Ref. [2] for CHj and CH 3 (not CHj ) are due to the use of two d-sets on 
carbon in Ref. [2]. 

In Table 2 the coefficients of and r*y* in the expansion of the energy are 
given. This table confirms what one concludes pictorially from Fig. 1, namely 
that in SCF-approximation CH 3 has a “normal” parabolic dependence on y, 
whereas the minimum for CHj is extremly flat and practically of the fourth order 
in y. The harmonic force constant of CHj almost vanishes. In CHj , finally, the 
coefficient of the y^ term is negative and the pyramidal configuration is more 
stable. 


5. The Localized OrUtabs in CH*, CH„ and CHj 

We transformed the doubly occupied orbitals of all the molecules to localized 
ones according to the criterion of Boys [12]. Each localized orbital can be cha- 
racterized by the distance d of its centroid to the carbon atom and by the angle a 
that the line connecting the centroid and the atoms forms with a plane perpen- 
dicular to the threefold axis. For the localized orbitals corresponding to CH bonds 
d and a and for the lone orbital just d are given in Table 3 as functions of the bond 
angle y. 

The angles a do not coincide exactly with the bond angles y. One may interpret 
these deviations by saying that the Boys-localized orbitals represent bent bonds. 
Even if one admits that this may be an artefact of the Boys criterion (which keeps 
the centroids as far from each other as possible) one realizes that in CHj and CHj 
the angles a arc always smaller than the respective y's (the molecules want to 
keep sp^ hybridized carbon and planar structure), but that a is larger than y for 
CHJ (the carbon wants to have hybridization and tetrahedral arrangement). 
It is interesting to note that at equilibrium geometry the angles a and y almost 
coincide for any of the three molecules. A similar result, though in a slightly 
different context was found by Klcssinger [25] for H^O. The fact that the localized 
orbitals do not point towards the H-atoms causes some troubles for CHJ in the 
planar or near-planar configuration. For y = 0 we obtain (x=0 by the Boys- 
procedure (unlike to what one finds for OHJ [13]), but the transition from 


I'able 3. Direction (at) and distance (</ in of the centroids of the localized orbitals referred to Ihe 

C-alom, for different oul-of-plane angles y 

y 

a(CH) 

"ctij 

CHj CH J 

<t(CH) 

ch; 

chJ 


(/(lone orbital/ 
pair) 

CH, CH, 

0" 

0" 

0" 0' 

1.28 

1.38 

1.42 


0.00 

2“ 


5" 



1.42 


0.29 

5 ° 


4°2(r 9° 


I..38 

1.41 

0.18 

0.49 

10“ 

7°t0' 

8°.30' I3°50' 

1.28 

1.39 

1.43 

0.33 

0.66 

20" 

14" 

16“30' 2t"40' 

1.28 

1.40 

1.47 

0.52 

0.84 

30° 


29“ 



1.47 


0.91 

40° 


36"20' 



1.54 


0.8S 
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y + 0 to )’ = 0 does not seem to be continuous. This has an unpleasant conse- 
quence for the calculation of the correlation energy as a function of y in CHj 
(but not in CHj and CH^). 

6. The Correlation Energy and Its Effects 

The correlation contributions and their sums are collected in Table 4. 

A comparison of the intrapair correlation energy e^, of a CH-bond and the 
interpair correlation energy between two CH-bonds in the series CHj , CHj, 
and C’H , shows nicely the effect of the different "availability” of the Pj-AO of 
carbon for correlation. In CHj where this AO is “fully available" |cj and Ic^^.l 
are larger than in CH, and in CM,. Both and increase with y. for 
this increase is due to the fact that in the pyramidal structure the CH-bonds get 
closer to each other. 

The total correlation energy for CH, (to which only and e^^,, contribute) 
increases therefore in absolute value with y, it lowers the energy more for large 
than for small y, i.e. it makes the potential curve of Fig. 1 somewhat flatter. Inclusion 
of correlation reduces the out-of-plane force constant of CH, somewhat (see 
Table 5). A similar effect has been found for the isoelectronic molecule BH, [8]. 

In neutral CM , the contributions to the correlation energy that involve the 
singly occupied “lone" orbital («;*„) decrease in absolute value with increasing y. 
This decrease overcompensates the increase of (cj^l and so that the |£j„„| of 
CM , decreases with y. The decrease of with y is understandable because the 
more the molecule is bent the more is the lone orbital localized and distant from 
the CH-bonds. 

In CH, inclusion of correlation makes the potential curve of Fig. 1 somewhat 
steeper (unlike in CH,). The harmonic out-of-plane force constant of CH, 
which was only 0.034 mdyn/A in the SCF approximation becomes 0.175 mdyn/A 
when correlation is taken into account. Experimental values of 0.159 mdyn/A 
(gaseous CH, [18]) and 0.253 mdyn/A (in argon matrix [14]) have been reported, 
neither of which is “harmonic”, i.e. corrected for unharmonicity effects. Our 
computed force constant should rather be compared to the first value. In view of 
the experimental difficulties and the (computed) high anharmonicity of the 
potential one cannot say whether either the experimental or the theoretical value is 
most reliable. Millie and Berthier [2] have already pointed out that the computed 
value of this force constant is highly sensitive to changes in the basis, they found 
0.175 mdyn/A in an SCF calculation without polarization functions (d on C and 
p on H) and 0.014 when they include polarization functions. Inclusion of pola- 
rization functions and of correlation have an opposite effect on this force constant. 

As to the correlation energy of CH, and its dependence on the out-of-plane 
angle y the situation is somewhat less straightforward. The sum of the intra- 
and inter-pair contributions of the CH-bonds is very close to the respective one 
for CH,, except for y = 0‘" where (as we already mentioned in Section 5) the 
result of the Boys-localization seems to depend discontinuously on y. Similarly 
the intrapair correlation energy e„ of the lone pair decreases in absolute value 
with decreasing angle, but jumps when coming to y = 0“. We have therefore 
decided to extrapolate the values for y ^ 10'" to y = 0" and to take the extrapolated 



Table 4. Correlation energy contributions and their sums for CH ' PH r’» - , 

out-of-plane y '• ^ «f “>0 



(T/2.03t 





~^bb 

-V 

F 

0.0323R 

0.00739 

0.00966 

0.14829 


1072.044 

0.03254 

0.00750 

0.00979 

0.14949 


20 / 2.07 5 

0.03316 

OtX1786 

0.01024 

0.1.5.178 

fH, 


0/2.033 

5" '2.037 


10 /2.044 

20/2.075 

~^‘Wi 

-'r-M.' 

-'V 

Sum of Cll-bond 

0.02964 

0.00531 

0.00886 

0.02966 

0.00534 

0.00889 


0.02973 

0.00543 

0.00900 

0.02995 

0.(X)575 

0.{XW45 

contributions 

0.13143 

0.13167 


0.1.3248 

0.1.3.545 

-^«hi 

Sum ofCH-bond- 

0.00891 

0.00861 

0.00875 

0.00851 


0.(K)836 

0.(X)X.30 

0.(X)752 

0.(X)776 

lone electron interaction 

0.05256 

0.05178 


0.1M99K 

0 04.584 

E 

‘•'con 

0.18399 

0.18345 


tU8246’ ’ 

0.18129 


CH, 



(calc.) 

[o/Yo’sdY 

1572.0371* 

(cxirap 1 

0/2.0.33 

(calc.) 

10 /2.044 

20 /2.075 

.30/2.115 

40,/2.l6.3 

■ 

0.02916 

0.02915 


0.029.30 

0.02969 

0.02989 

0.02978 

■ *''Wi 

0.00517 

0.(X).5.59 


0.00582 

n.(X)6(H 

0.(X)634 

O.IX)707 

'''hi. 

0.(X)854 

0.00912 


0.00951 

0.01014 

0.01085 

0.01198 

Sum ofCH-bond 
coniributions 

0.12861 

0.131.58 

0.1328 

0.133X9 

0.1.3761 

0.14124 

0.14649 


0.01 183 

0.01093 


0.011)37 

t).(X)957 

0.(X)909 

0 (X)89X 

" 'hi, 

0.01727 

0.01620 


0.01575 

001491 

0.01.394 

0.01327 

Sum of CH-bond- 
loiie pair 
interaction 

0.08730 

0.081.39 

0.0806 

0.07836 

0.07.344 

0.06909 

0.06675 


0.02850 

0.02640 

0.0264 

0.0271 1 

0.02764 

0.02786 

0.02812 

^Cftrr 

0.24441 

0.23937 

02.398 

0.2.3936 

0.2.3869 

0.2.3819 

0 241.36 


• Due to the localization discontinuity (see Section 6) even the values for 5 ;2.(D7 are unreliable. 


correlation energy as reference for the discussion of the y-dependence of £„„ in 
CH 3 . With this correction we get the potential curves in Fig. 1 and the force 
constants in Table 5. The extrapolation procedure is not very accurate and 
may be in error by as much as 1 kcal/mol. We therefore do not put much stress on 
the change of the inversion barrier from 2 kcal/mol in SCF approximation to 



322 


F. Driessler et al. 


Table 5. Force constants (in mdyn/A) for the out-of- 
plane bending vibration 



CH,‘ 

CH 3 

CH3 

SCF 

1.06 

0.034 

0.265 

With 

correlation 

().% 

0.175 

0.235 

exp. 


0.159(18] 

0.253(14] 

... 


1.5 kcal/mol with correlation. We rather think that for CHj the total correlation 
is — within the limits of the method — invariant with respect to changes of y, 
and that, therefore, the SCF value for the barrier is a good approximation to the 
true one. This statement cannot be checked for CHj , because an experimental 
barrier is not known, but the analogous claim for the isoelectronic NHj [15] is 
generally accepted. 

The extrapolation problem is irrelevant for the CHJ near its equilibrium 
geometry. Inclusion of correlation changes the optimum y slightly to 18" (corres- 
ponding to a HCH angle of 111’) where the total energy is -39.7588 a.u. 

From the experience with similar basis sets for comparable molecules we can 
assume that we have accounted for about 90% of the valence shell correlation 
energy. By extrapolating to 100% and adding the estimates (0.057 in CHJ, 0.059 
in CHj, 0.061 in CHj for the contributions involving the -shell of carbon we 
get the following estimated (absolute values of the) correlation energies in the 
equilibrium geometries: 

CHJ 0.220 a.u., CH 3 0.262 a.u.. CHJ 0.325 a.u. 


7. Binding Energy, Ionization Potential and Electron Affinity of CH, 

The computed total energy of CHj is — 39.7545 a.u. If we substract the energy 
of the carbon ground state (^P) calculated with a comparable basis [16] 
of — 37.7783 a.u. and of three H-atoms (3 x 0.49986 = 1.49958) we get the binding 
energy 

AE^— —0.4767 a.u. v 300 kcal/mol. 

If we correct for the zero-point energy of -6000 cm * « 17 kcal/mol we get 
AE m 283 kcal/mol which may be compared with the “recommended” experi- 
mental binding energy of CH 3 of 291 kcal/mol [17]. 

The difference of the total energies (including correlation) of CHj (—39.7545 
a.u.) and CHJ (-39.3930 a.u.), namely 0.3615 a.u. :£9.83 cV gives us the vertical 
ionization potential. In SCF approximation we find 8.86 eV, whereas the experi- 
mental ionization potential is 9.84 eV [18] in agreement with the calculated 
value including correlation. The Koopmans theorem gives 10.3 eV. 

We obtain the (adiabatic) electron affinity d of CH 3 as the difference between 
the total energies of CH 3 ( - 39.7545 a.u.) and CHJ { - 39.7586 a.u.). While in SCF 

^ 0.045 for and 0.004 for any Cu. 
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approximation CHJ is not stable with respect to CHj (A= - 1.38 eV) our calcu- 
lation that include correlation gives = 0.1 1 eV for the adiabatic electron affinity. 
If we use the estimated correlation energies given at the end of Section 5 rather 
than the computed ones we get A = 0.33 eV^. So we conclude that the correct 
electron affinity of CHj is 0.3 ±0.1 eV. We think that this value is more reliable 
than the experimental one of 1.1 eV [19]. The experiment on which it is based 
(magnetron techniques) is so complicated and so subject to errors that it may 
easily be wrong by 1 eV or more. 


8. The Pariser-Parr “Disproportioiiation Reaction" and the 
Correlation Energy of a Doubly Occupied x-AO 

In the semiempirical x-electron theory the so-called Pariser-Parr dispro- 
portionation reaction [20] played a central role. Let us formulate it for CHj 
rather than for C in the tr^x valence state. The exact reaction energy of the hypo- 
thetic reaction 

2CHi-CH;±CH3 

(keeping all three molecules in the same, planar geometry) is, of course, equal to 
the difference between vertical ionization potential / and electron affinity A of 
CHj (the vertical and adiabatic A of CHj differ by only 2 kcal/mol ~ 0.1 eV. 
namely by the inversion barrier). We have therefore 

d £ = / - = 9.8 eV - 0.2 eV = 9.6 eV. 


In the Hartree-Fock approximation one gets 

d£„P = /hf - = 8.9 eV + 1.4 = 10.3 eV. 

The correlation contribution to this disproportionation is hence roughly 0.7 eV. 

Let us now assume tentatively that the occupied MO’s in CHj, CHj. and 
CHj are the same and equal to the correct ones for CH,. We have calculated 
the energies of both CH^ and CHJ in the planar configuration with the MO s 
of CHj. The “non-relaxed" Hartree-Fock energies of CHj and CHj are respective- 
ly 1.3 and 2.7 cV. above the correct Hartree-Fock energies, which leads to 

I _ a =10.2eV-l-4.1 eV = 14.3eV. 

On the other hand this “reaction energy” of 14.3 eV is equal to the sclf-repulsive 
energy 

(xx|xx)= 14.3 eV 


of the lone x-orbital in CHj'. The crudest possible approach f f ! 

in approximating this x-MO by a simple STO according 
well known [20] that one then gets ~ 17 eV for (xxjxx) and hence ^r d£^ 
analyzing the different contributions that reduce d£ from ~ ^l^Ss 

^ 10 eV (for a discussion of previous work on this topic s^ [21 ]) one re^^s 
that a reduction by ~ 3 eV is achieved if one replaces the 2pz-STO by the Hartree 

~ ‘ThTISalogous correction would only have a small innuence on AE. (= 287 kcal/mol) and 


/(10.0 eV). 
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Fock AO of CH An additional reduction by 4 eV is obtained if one allows for a 
relaxation of the orbitals from CHj to the ions, mainly for a change of the n-AO 
from CH3 to CH J. The final decrease by 0.7 eV due to inclusion of correlation 
is almost negligible. This is in strong contrast to Pariser and Parr’s original 
hypothesis that the reduction of the (nn\nn) integral from ~ 17 to ~ 10 eV is 
mainly a correlation effect. 

Nevertheless we also like to know which pair correlation energies are re- 
sponsible for these ~ 0.7 eV of change in correlation energy. We first note that 
the only new term in CH j -f CHj compared to 2 CH3 is the intrapair correlation 
energy of the lone (7c-)pair in CHJ. This was calculated to be 
^ 0.026 a.u. = 0.7 eV, so it is actually equal to the difference in correlation 
energy. A more careful analysis shows, however, that the other contributions 
(which arc present for all three or two of the species) change as well and that it is 
rather accidental that the change in correlation energy equals one particular 
(new) pair contribution. 


9. Spin Densities and Hyperfine Coupling Constants in CH, 

CH , is the simplest ;r-radical and has as such vanishing spin density in re- 
stricted-Hartree-Fock approximation both at the C and the H nuclei. A wave- 
function like ours that accounts for the intergroup correlation between the lone 
orbital and the CH-bonds should also be able to furnish good spin densities. 
Rather than to compute the spin density from the complete wavefunction we have 
only calculated the bulk contribution to it. the so-called spin-polarization terms 
which are the only ones linear in the expansion coefficients of substituted con- 
figurations. Let the restricted HF-wavefunction be 

</, = |h, 6, 63^2^3^, n|. 


then one of the three equivalent spin polarization configurations is 
j, 6 

with the spin-polarization orbital p^ determined such that it minimizes the energy 
of the two-configuration function 


The spin density 


9' = Co<p-Fc,vC- 


is then first order in c, given by 


eW= |cJ|n(K)|^-F X ■ 
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Co = 0.959 c, = -0.0574 

0.4573 p,(«Hi)= 0.4296 

^i(*H2) = -0.0338 = 0.1622 

bi(Rc) = -0.5778 p,(R^) == 0.8299 

we get 

P(l?c) = 0.259 

C(|{„) = -0.035 

and the hyperfine coupling constants 

a An 

a(Q = 145.4MHz = 52 Gauss. 

a(H) = — 74.5MHz = — 26.6 Gauss . 

The experimental values are 41 and -23 Gauss, respectively [23]. 

Perfect agreement with experiment cannot be expected for several reasons. 

1. With gaussian basis functions the values of the wavefunction at the nuclei 
are somewhat too small. This can be corrected with a trick proposed by Meyer [22] 
which we have not used. 

2. Other terms than the spin-polarization function contribute to the spin 
density as well, though probably to much le.ss extent. 

3. The experimental coupling constants arc averages over the zero-point 
vibrations. For the out-of-plane bending mode large amplitudes are expected and 
for pyramidal arrangement the restricted Hartree-Fock value is different from 
zero. 

We postpone a comparison with previous theoretical values [22. 26. 27J to a 
forthcoming paper, where we study these additional effects in detail. 
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An ah initio molecular orbital calculation was done as to a reacting system. Nil , ( 111- -• NMjl'. 
with the inclusion of the solvent effect as the origin of dipolar field. The rcaclanis were asMimeil to 
stay in dimers. (NU,), and (HF)j. in advance to the reaction, and the respeelive partners of two re- 
aetanls were regarded as point dipoles. The system was stabill/cd to some extent by two dipoles 
adopted. A study of coitjiiiuralion anulym on this system was made with and without the dipoles. 
Their elTect was found to be favorable for proceeding of the reaclion. 


Act' words: Reactivity - Solvent elTect 


I. Introduction 

Solvent effect upon reaction rales and mechanisms has been of long-standing 
interest to both physical and organic chemi.sts [1]. And the effect in the eour.se of 
the liquid-phase reaction is microscopically undcrstotxl as the interactions 
between reactants and solvent molecules, called solniiion. Then the interactions 
have been interpreted in the theoretical word by partitioning them into several 
terms, such as Van der Waals force, hydrogen bonding, electrostatic force, and 
charge-transfer effect. Of course, which plays the major role in the reaclion 
process among them is dependent upon the type of reactions. For example in the 
case of the Menschutkin reaction between alkyl halides and amines, the electro- 
static tenn was pointed out to be of considerable importance f2]. 

Thus in order to clarify the manner in which the solvent effect operates, it is 
indispensable to seek the nature of the inieractions .systematically and claborak*ly. 

Then it seems an attractive problem for theoretical investigations, especially 
in terms of the Molecular Orbital (MO) method, to analyze how the interactions 
in the solvation process affect the reactivity of a reagent and a substrate [. j. 

Here among the above mentioned several terms of the interactions between 
the solvent molecules and reactants, we tentatively take up only the electro- 
static operation of the polar solvent upon the reactants by sirnplifying it as the 
origin of the dipolar field. As seen easily, this simplification holds several questio- 
nable points for grasping the whole feature of the solvent effect in consideration 
of the complexity of the phenomenon caused by the solvent. But at least as long 
as the dipole moment is the one measure of the polar solvent, the effect origina 
from the moment can be by no means neglected. 
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So in this work, as a first step to consider the interactions between the solvent 
molecules and the reactants, we focus our attention on the subject how the ability 
of the dipolar potential in the polar solvent can change the electronic structure 
and the reactivity of the reactants in the frame of MO method. 

In the next section we will describe the way of the treatment of this additive 
effect on MO's. Then with and without this external field the numerical details 
about the MO calculation will be displayed for a model reaction, 
NH, + HF- NH 4 F. 

Finally in the light of these results, we discuss how the deformation of MO’s 
in Nil , and IIF' is brought about and how the orbital overlap interaction, which 
is the one criterion of the easiness of reactions, is changed by the influence. 

2. Description of Method 

For closed-shell molecules, the well known Roothaan’s equation [4] is 
derived as F.q. (I). 

= ( 1 ) 

Mere is the element of the overlap matrix and is that of the Fock matrix 
given as follows; 

F,, = //™" + I P,„[(r.v I / «) - I /2{ri | .vm)] . (2) 

r.M 

where P,„ is the element of the bond order density matrix. 


OiC 



//"" is that of the core Hamiltonian (kinetic plus potential energy in the field of 
fixed nuclei), and (r.v|/M) is the electronic repulsion integral; 

(r,sjf«)= f f Zr(2)z.,(2)e^/ri2Xr(l)Zu(lMT,dr2 . (4) 

The LC’AO (Linear Combination of Atomic Orbitals) coefficient, ri. can be 
obtained by the u.sual iterative procedure. 

Here the basis functions, Xr and Xr arc Slater Type Orbitals (STO) expanded 
in three Gaussian Type Orbitals (GTO)' for the easiness of calculation [7.8]. 
Namely we adopt STO-3G (minimal) basis set for the evaluation of the integrals. 
W'""', S„ and (ri|f«). Then we define a new matrix element, t''„. 

Fr, = F„+K,, (5) 

where F„ is the matrix element of any one electronic operator. HI). 

( 6 ) 

' The Ciuu$.siiin a exponents and the coelTicients ate taken from the least-squares fitting by 
Stewart [5]. 

At the same time we have used the siandiird Slater v exponents by Pople er al. [6]. 
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r ig. I. The vector representation of the position of a pi)ini dipole f*. and an electron, I 


This operator is used s<t as to represent the additive external field. Of course 
y„ will change the variational condition concerning and we can not predict 
whether Self-Consistent-Field (SCF) is obtained with respect to the new matrix 
clement, F'^. But if the absolute value of V„ is so small as to be regarded as a 
perturbation, in other words the external field is sufficiently weak, we may expect 
the convergence will be still gained. Here we give the following concrete formula 
to KU- 


' ^ — F,(r, — r.) 

ni)= E 


(7) 


As well known. Eq. (7) indicates the scalar potential for one electron. I, by the 

dipole moment. F„(n= 1.2 j) [9]. There. r„ is the vector from the origin, 

O, to a dipole r, is the same with respect to electron I (see Fig. 1). Although 
P„ should be identified as a point dipole in a strict sense, the positive and the 
negative centers of it are divided distinctly in the representation of Fig. 1 for 
reader’s understanding. 1 he way to evaluate the element of is the .same Gaus- 
.sian expansion method [10] as mentioned above. Following the literature [10], 
is termed Field Integral (FI). 

The use of Eq. (7) means that the solvent molecules are simply looked upon as 
the source of the dipolar field to change the electronic structure, i.e. MO’s. On 
this point some discussion will be held later. 

As for the procedure to deal with the orbital overlap interaction between two 
reactants, we have derived the equation in another paper [II] available here, so 
we hope readers would refer to it about the details. 

Briefly speaking of the method, the state of the whole reacting system ex- 
pressed by V is divided into some states with various types of orbital interactions 
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as shown below ; 


oci. unu occ uno 

+ I X c. X I Q 

I I k j 

ucc uno Obi ufio 

^ 1 1 X ■••• 

I / k I 


(8) 


There. V',, is the adiabatic interacting slate without any jumping of electrons, and 
V', .1 means a charge-transferred stale from the /-th occupied MO to the /-th 
unoccupied one. and the others are .similar charge-transferred or excited states, 
l urthcrmorc the coefficients. C'„, C, ., and .... can be obtained by the 
usual configuration analysis [II 13]. 

In this work these quantities play an important role for our discussion. 


3. Numerical Results of Calculation 

A few years ago ( lemcnti presented an extensive ah initio calculation [14. 15] 
for a reacting system, NHj + HC1 = NHjC'l, and then he detected the stabi- 
lization energy and the charge transferred in a variety of distances between the 
nitrogen atom in NH , and the hydrogen atom in HCI. We here adopt a similar 
reaction model, NH , -t- HF = NH^F. 

Then we must mention the motive for this adoption; the respective reactants. 
Nil, and HF, can not exist solely before the reaction occurs, and they are thought 
to form the complexes, called hydrogen bonding such as the dimer of ammonia [16] 
and the zigzag polymer of hydrogen fluoride [17], 

With respect to the molecules taken here, Kollman and Allen looked for the 
reasonable geometries of {NM ,)2 and (IIF), [18. 19] to predict both dimers gain 
their stabicness in the linear structure (sec Fig. 2). 




© ® 



I'lg 2. riic moM slablc linear Mniclurc of (NH,)j and (Ul l; by Kollman and Allen [IS. 19] 


As a result of taking circumstances into consideration, the reactants in the 
reaction. NH, -l- HF = NH 4 F, will accept the influence by their partners, provided 
that the reactants had no associates in the original state except the partners. 

Hereupon the reasons for the employment of the system, NHj -f- HF = NH 4 F. 
are summarized in the following; 

1. The system has a reaction path clearly grasped by the information from 
above mentioned dementi's result [14.15] or the overlap and orientation 
principle by Mulliken [20]. 
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2. By assuming the reactant has only om fellow respectively at the beginning 
of the reaction, we can take into account the effect of their partners as the origin 
of scalar potential of two dipoles in a first approximation reflecting that (NH 
and (HF )2 are not so strongly bound [18. 19], 

In Fig. 3 the reacting model is sketched. 



/HNH>I06 


Fig. 3. The reacting model taken in this culcululion. The position of P, and Pj was taught by the 
work of Kolhnan and Allen. P, corresponds to HI' and P_, lo NH , in Fig. 2 


Wc used the experimental values for the moment (I/’ll = 1.82 debyc (21]. 
|Pj| = l.48debycL22J). 

The geometry of ammonia is taken also from the experimental result [23]. 
The distance. R(N F). is arbitrarily taken 3.1 15 A. and P(N Hy) is determined by 
the optimization with respect to the whole system in C’ND()/2 method [24] 
excluding the two dipoles. 

This .system involving dipoles has a C’, symmetry as to .v r plane, while it has 
C 3 ,. symmetry when they are absent. 

In Table 1 the results of MO calculation are given. Here we show the difference 
by F', and according to whether is contained or not. F*; and F; mean 
kinetic and total energy in atomic units (a.u.). In the evaluation of MO’s by 
they always undergo the two dipoles simultaneously. But actually the other 
partners of the reactant.s. that is P^ for NH 3 and P 2 for HF . give no serious effect 
upon MO’s owing to the remarkable sensitivity to the distance. |r„ — rj. of 
Hl)intq.(7). 

Then the comparison of (I) with (II) in Table I indicates the effect by P^ to 
prompt the tendency of the charge redistribution (H'” -F'* ). This is because the 
nearer cationic center of P\ to fluorine atom attracts the charge density of HF 
(see Fig. 3). 

As for the lowest unoccupied (LU) MO of HF. having a ntxle along the di- 
rection of the sigma bond, the spatial extension on the contrary increases on the 
side of the hydrogen atom (Hp). At the same time HF molecule is a little stabilized 
thanks to the operation of the nearer cationic center of P, . On the other hand 
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Tabic I The results of MO calculation 



Syitem 

Pi poles'.’ 

Atom population 

Ej (a.u.) 

(-£*/£t) 

III 

iir 


II 1 

0X407 9.l.'i93 

- 98.5540 

0.9940 

III) 

III 

r. 

H F 

0X199 9 1X01 

- 98.5672 


nil) 

Ml, 


II O.X.SOI 
\ 

N 7.449K 

1 

- 55.4450 

0.9969 




111 

H 



IIV) 

Nil , 


II O.X.T<6 
\ 

N 7.4.'iH9 

1 

55.4X0X 





11 1 

H 0.X.S.17 

II O.XM.I 
\ 



IV) 

Nil., I- 

f.s 

\ 

7.459,“; N 1-1 1- 

I O.XI4.t 9,2110 

h\ 

II 

- 1.54.0094 

0.9957 




0.X2I1 II 



(VI) 

Nlur 


\ 

7.469.7 N II I- 

I 0.7956 9,2,7 IX 

0.X411 H 1 

H 

- 1.54.0601 



NHj in (III) experiences the migration of charge density from the hydrogen in 
x-z plane to both nitrogen atom and the residual two hydrogens by virtue of Pj as 
shown in (IV). And the highest occupied (HO) MO of NHj, which is mainly 
composed of the lone pair on the nitrogen, undergoes a destabilization and the 
growth of the lone pair to a minor extent. 

At a glance the more stabilized total energy in (IV) than in (111) may seem 
strange, reflecting that NH 3 is linked to the nearer anionic center in P 2 and that 
electronic repulsion energy may increase. However the classical attractive energy 
between the anionic center of P 2 and the positive nuclear charge on the hydrogen 
atom in .v-r plane mainly overcomes the above painful condition. As a whole a 
small stabilization is gained also in NH3. 

From the inspection of these deviations of the quantities by the external field, 
we can expect the growth of the overlapping between HOMO of NH3 and LUMO 
of HF. as will be shown directly by the coefficients in Eq. ( 8 ) later. 
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We can obtain the similar information from the comparison in (V) and (VI) 
both on the calculation in terms of the whole reacting system, the latter more 
stabilized. 

Referring to (111) and (V). we should notice the decrease of the charge density 
on the three hydrogens of NH, part as a new bond (N Hp) is formed. It is 
meaningful that toward the product, NH4 F“. the cationic component on NH , 
is first redistributed on three hydrogen atoms, shown also by Kollman and Allen 
[18]. The stabilization energy (,1£) of the system in fig 3. 
/1 £= EtINHj) + £,(HF) - £ 7(NH4F). are 6.5 kcal/mole in F„ and 7.6 keal/mole 
in F'„ respectively, compared with 1 1.7 kcal/mole in their most stable geometry of 
NH4F by Kollman and Allen. 


4. The Interaction Mode of MO's 

By applying the solution in Eq. (1) to a variety of the systems in Table I. the 
Cl (Configuration Interaction) representation of the reacting system in the form 
of Hq. (8) is achieved, shown below; 

£,•«£ = 0.9787 <£0 + 0-0976 <£,,0 .tu + 0-0048 •£,,0 .lu + 0-0242 

no -i.ti 

£' : <£'= 0.9772 *£0 -f 0. 1 029 + 0.0054 <£;,„ + 0.0238 - - . 

no->i.u 

(9) 


where F'„ or F„ corresponds to the presence or the absence of two dipoles. In 
this paper wc use the prime for the caution of the existence of them. 

'Fo and f'o denote the adiabatic interacting state without inclusion of any 
configurations different from the original one. 

The cocITicienls attached to and r„, the overwhelming values compared 
with others, show that at the reacting point adopted here the original configu- 
ration without any jumping of electrons retains its. majority yet. The comparison 
of these two coefficients gives us the knowledge of the effective operation of two 
point dipoles to decrease the weight of this .state and to make electrons active in 
favor for the progress of the reaction. 

Furthermore '£„o.lu and s‘and for one- and two-clectron transferred 

states from HOMO of NH3 to LUMO of HF. These configurations do their 
part in increasing the weight of the ionic character of the reacting system and 

accelerating the formation of a new bond [25]. 

Here the existence of two dipoles is found to support these imuuons of elec- 
trons into the unoccupied MO's of the other reactant, Vy.,- means 
excited state from the third occupied MO |3o| l.n order of 
energies) to the LUMO (Irr*) in HF. The reason for the reduction of the coeRi 
dents (00242 -+0.0238) is as follows; namely two dipoles act more remarkably 
SIj r^ctant, HF. than the reacting whole ptenv wuh tes“U rf 
the proper charge redistribution beforehand because of the dipolar field. Theitn 
Som ttie «ntribution of the excited state to polari« electronic density is not so 
necessary as in the case without dipoles. 
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Other slates, such as tri-transferred and di-excited ones, are omitted in the 
above expre.ssion owing to their negligible smallness. Viewing these results as to 
V' and we may say the tw'o dipoles play their role to prompt the tendency to 
decrease the contribution of the original slate. V',,. along the reaction path. 

Here from another standpoint this insistence will be understood more clearly, 
[hat is. as displayed in Table 2. the configuration analysis presents some vivid 
feature^ in the sense of organic chemistry. 


i iibic 2. I he weiiihts of some elcctronie structures 


Slruclures 

/■„ (111 

/■", (in " 1 .) 

INII, 


‘J7 3540 

97.1504 

(Nil, 

III 1 

0.(XI7I 

O.tXl .54 

iNii; 

III 1 

2.4705 

2.6742 

(Nil, 

111 *1 

OOVOI 

0.0X73 

INII^ 

111 ) 

().I>I4I 

0.0163 

(Nil, 

■ 111 1 

(UKXXI 

O.(HHK) 

iNii; ' 

■III 1 

00X36 

0.0969 

iNlli 

III- ') 

(HXHII 

IMXXK) 

(Nil* 

111 *) 

O(XKX) 

O(XXX) 

1 (Mill 


‘W.‘MX7 

99.9434 


There the evaluation by the use of the method was done as to both models with 
and without two dipoles, denoted by and F„ in the same way as before. Hereupon 
(NH , • HI ) means the covalent .structure. (NH^ • NF ) is an ionic structure with 
one electron moving from NH, to HF. and (NH^ -HF"^) holds the reverse 
relation. (NHJ • HF) is the one electron excited state in NH^, and (NHj ■ HF*) is 
the same in HF. (NHt ■ HF' means two electron transferred ionic structure 
mutually between two entities. For other structures in Table 2, the analogy is 
available. From the tabulated results the favorable effect of dipoles upon the 
proceeding of the reaction can be observed, particulary in that the weight of 
(NH j • HF ) and (NHj ' ■ HF ) is made larger. (NH 3 • HF*) contains the above 
mentioned state. Summing up the tabulated values with respect to the two 
cases, F„ and f,',, we can get the totals which are almost 100 % in both cases, indi- 
cated in the bottom of the Table. This gives the ground for demonstrating the 
adequacy regarding the employment of only the tabulated electronic structures 
in representing the whole state, V and V. 

Next in Fable 3, the overlap bond population between the nitrogen atom in 
NH, and the hydrogen atom in HF (Hp) is given in the partitioned form as regards 
to four different types of the orbital interaction. There. "Exchange type" corres- 
ponds to the population produced by the overlap between both occupied orbitals 
of the two reactants in their beginning, and this term yields antibonding popu- 
lation as shown in the table. However this tendency is weakened by the inclusion 

^ The involvement of overlap integrals makes somewhat intricate the actual calculation. The 
derivation of the equation used here will be noted elsewhere by one of the authors (S.K.). 
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Table 3. The atomic bond population between N and Hp 


Types 


t-’;. 

hxchangc type 

- 0 . 0:25 

- 0 . 0 : 16 

CT type 

00365 

0.03S7 

Hack CT type 

-0.tXK12 

-0.0001 

Both unoce 

- 0.0000 

- O.(KHX) 

Total 

0.0138 

0016') 


of dipoles to some extent. ”CT type“ is the population originated from the charge 
transfer interaction between the occupied orbitals in NH, and the unoccupied 
ones in HF. 

This mode presents the considerable quantity to the bond formation with the 
larger value in F„ than f„. Thus the importance of the charge transfer interaction 
can be confirmed in the standpoint of the analysis of the new bond formation L-hJ- 

Other types, "Back CT type" which means the donation from HF to NH, 
and "Both unocc" which denotes the orbital interaction between both unoccupied 
ones of two. are found to play a minor role in the bond formation. 

As a whole the dipolar field helps to form a new bond also. Configuration 
analysis offers another interesting quantity termed Occapanty (>/ MO’s [llj. 
When the interaction between two molecules is absent, their MO's are filled with 
rwf) electrons respectively. But the oceurrence of the electron migration or the 
excitation by the interaction somewhat changes this number, that is. the oltl 
occupied orbitals lose the portion of the number, and the old unoccupied ones 
gain the electronic density a little. 


table 4. Occupancy of MO's in the interacting stale 

\fT* 

0.0264 

0.0285 

n 

2.01XK) 

:.(xxx) 

71 

200(X) 

2.(XXX) 

30" 

l.WXK 

1 .9989 

2fT 

2.(KX10 

2.(XXX) 

I (7 

2.(XXX) 

:.(xx)0 

MO's of HI' 

C. 

/•;, 

2<*, 

(KXKII 

O.IXKtl 

2c y 

0.0001 

O.tXXtl 

4d, 

O.tXXtl 

O.IXXtl 


1.074') 

1.9729 

\Ct 

l.')')9') 

1.9999 

\c, 

1.9999 

|.‘)<)99 


1.9997 

1.99‘)7 

I 

In, 

ilXXX) 

2 IXXX) 
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Table 4 displays these rearrangements in MO's owing to the aetive electrons, 
where these notations of the respective MO's are defined in the case without 
two dipoles (/■„) 

There the notable change can be found in lir* of HF and 3a^ in NHj. These 
are both, in a greater part, due to the particular orbital interactions, that is. 
'^iio -i.i Sind V'lio ., ii. The decrease in 3(t of HF is mainly owing to the appearance 

HO-l,U 

of in Fq. (9). Comparison of F„ with F', again demonstrates the efTicicnt 

operation of the two dipoles upon the inclination to change the original occupancy 
more and more. 

5. CfMiclusive Disciissitm 

In this report we have described a method to inform the MO's of the solvent 
effect as if it could be reduced to that of some dipole moments. We have here 
only two dipoles tentatively as the source of the potential which are the partners of 
two reactant.s. And the two dipoles. P, and P,. in Fig. 3 are the simplified products 
in (HF)^ and (NHjlj by the use of the result by Kollman and Allen. Of course if 
we had no knowledge about the report, we could not determine the position and 
the direction of P, and P 2 . i e. the partners after the simplification. In other words, 
it is a too crude abstraction to lake only the dipole-electron interaction into 
account in the dimer systems in Fig. 2. That is. even if the reactants had only one 
fellow to interact with each other, more detailed informations are necessary for 
the description of the interaction. Then the first step tojmprove the condition 
in the frame of this methexi seems to adopt the operator HD in Eq. ( 6 ) of another 
type as well as the dipolar potential, already set forth in this work. In this respect 
the circumstances are not so troublesome for us, and now with the utilization of 
other operators a new calculation is in progress concerning a typical SNj reaction. 
But in spile of these improvements the enough accuracy will not be gained yet as 
far as the statical treatment for many solvent molecules is not considered. This 
procedure will be included in the future. 

Viewing the above mentioned weak point of this calculation on NHj + HF 
= NH.;F in a quantative sense, here again we would like to insist our situation 
that we do not intend to seek accurate properties as to the interacting mode from 
the energetic standpoint, but to show the analytical and concrete representation 
about the phenomenon of the interactions, called solvation. 

Lastly the results of this work are summarized as follows; if the two reactants 
in a reaction, NH, + HF = NH 4 F. originally exist in their dimers, (NHilj and 
(HF) 2 , and furthermore the influence of the respective partners of the reactants are 
sufficiently weak to be regarded as if it could be simply approximated to that of the 
dipolar field, the effect of the partners works favorably for proceeding of the reaction. 

.4iknowleit(iemcm. One of the authors (S.Y.I is grateful to Mr. Ka/uhiro Ishida for his helpful 
advice in making the FORTRAN program of MO calculation. The authors wish to express their 
appreciation to the Data Processing Center of Kyoto University for generous use of the FACOM 
2.30 60 computer. 

■' The two dipoles lower the symmetry of the whole system from (’3.. to C, with respect to x- : 
plane, mentioned before (see Fig. 3). Therefore as for the state including them (F",). these notations 
can not be applied. But the deviation is so small that a new natation for C, symmetry is not prepared 
in Table 4. 
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The rotatory strengths of the metal-lo-iigand transitions observed in the spectrum of the complex 
ion ( ) i-e(phen |3 * have been calculated theoretically. The excited electronic states were characte- 
ri/cd using a coupled chromophore model. The calculated rotatory strengths are higher than the 
corresponding experimental values by a factor of about four. 

Kcr Hiinl.s Rotary strengths of inorganic complexes Vrisdl. lO-phenanthrolinc) iron ill) ion 
I 'ectron-traasfer transitions In inorganic chelates 


Introduction 

Many papers dealing with the optical rotatory dispersion (ORD spectra) 
and circular dichroism (CD spectra) of complex ions have appeared in the last ten 
years. The quantity which can be extracted from these measurements is the 
rotatory strength, defined for a transition from stale A to state B by the relation [1] 

R,..„=lm{<>l|,i..|e>.<B|,J.4>}. (1) 

where /<., and /(„ arc the electric and magnetic dipole operators respectively. 

The reported calculations of the optical activities of complex compounds of 
metal ions with bidentatc ligands forming an octahedral coordination of donor 
atoms of Dj symmetry have used cither an ionic [2 8] or a molecular orbital 
approach [9 13], .Such models are quite useful for studies of the circular di- 
chroism of the (1-d bands but are impractical when used to account for optically 
active metal-to-ligand n* orbital transitions. To analyse this type of transition we 
have used the "coupled chromophore" model proprrsed by Longuet-Higgins and 
Murrell [14] for studies of conjugated n-cleclronic systems and utilized for the 
investigation of the optical activities of organic compounds by Moscowitz and 
Hansen [15. 16]. As an example we shall treat the complex ion (-)-Fe(phen)] ^ 
(phen = 1,10-phenanthrolinc). Hanazaki and Nagakura [17] have previously 
studied the same ion using similar methods. However, their results are in doubt 
because of shortcomings in the wave functions they used. 

• Presenl address Vysoka skola chcmicko-technologicka. Praha. Czechoslovakia. 

•* Present addrevs: Department of Chemistry. University of Minnesota, Minnesota. U.S.A. 
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Theory 

It. ^t-'l.r,. 

I 





xp,= 


c/i 

2mci 


y r, X P, 


(3) 


aiu] upon changint: the matrix clement of the operator /i.. to a dipole velcK-ity 
represerilation [ I S |, ( 1 ) can he expressed as 




i-lr 

4icmu~o 


(A\F\Ry-(B\rxV\Ay, 


(4) 


wheic the symbols c. Ii. w and c have their usual meaning and where is the 
energy difference between slates .4 and li measured in cm Stale A is taken as the 
ground stale and state li as a single-electron excited state. The electronic states 
are reprcsenteil in the coupled chromophorc model by linear combinations of 
functions of the form 


|.V;-|!KV- <S) 

K'l,/ being the wave function which dc.scribcs the i"’ electronic state of the </"’ 
chromophorc. We assume that the wave functions associate'd wilh a single chro- 
niophore are orth(»g«nal to each other, vi/: 


(61 

The ground state, having n groups of ligands, is then given by the function 

|.•I./■..S•>--1M'’> \ \ (71 

u 1 

where / designates the symmetry classiricution of the function. S is the total spin, 
|M'’> is the function which describes the electronic ground state of the metal ion 
and w'here | stands for the electronic ground state of the j/"’ ligand. 

Stale H in liq. |4) is a onc-clcctron excited stale in which a d-clcctron from the 
central metal ii>n has been excited into a a-antibonding orbital located on a 

ligand. As a d-electron goes into ;r-antibonding orbitals on the first, second /i"' 

ligands, this state is described by the function 


If7:r,s>- 


yy Di' 

i i h \ 




where Df,' arc the group transformation coefficients and where 


L(h\\ 


M 




(81 


stands 


for the single determinantal function of the configuration arising from the pro- 
motion of a (/-electron from the state described by the spin-orbital function 
|iV/j> into the r"* antibonding state of the /i'*’ ligand described by the spin-orbital 
function |/-(/iV>. Now. if we introduce (7) and (8) into the expression for the matrix 
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elements of the operator F. we get 

</i,r5iXF,|£7:r,s> = 


I IZ 

J i h I 


Mj/- 


( 9 ) 


Similarly, for the matrix element of the operator (r x F) we get 

iET.r,S\ I r, X F,- M.rs> = [/} I Z Oi' Z X 1 W") ■ ( 10 ) 


Since F, and (r, x F,) are one-electron operators, the matrix elements of these 
operators can be reduced to 




and 


( 11 ) 


//-(('), 

\ 


Zr,xF,|M‘'> = <Z.(/i),|rxF|Mj>. 


( 12 ) 


We do not consider spin-orbit coupling st> we can write an arbitrary spin 
orbital as 

K’.>-k>l*/.> (1-1) 

where |f,) is the orbital part and ly,) is the spin part of the wave function. Hence 


<M;|F|/4H> = <Wy|F|/(H> (14) 

and 

<Z.(H|rx F|Af,.> = </(H|rx F|m,.>. (15) 

Substituting (14) and (15) into the Fqs. (9) and (10) we obtain, after summing over 
all orbital states. 

<.4.r.siXF,|E7:r,.s’> = (if>) 

and 

<£7:r,.5lZ»-ixF,|/l.rS> = |A‘ ZZ^*'</(H|rx FK>. (17) 


We can therefore rewrite expression (4) in the form 
I 


R 


I ^1,- 




Z Z(®i')^<'"* 1^1 ^(^’)r> • \r X F| 


( 1 «) 


Matrix Elements of the Operators ^ and (r ^ F) 

The molecular orbitals l«j*> and |/(h),> arc expressed as linear combinations 
of real atomic d-orbitals and ligand orbitals 


["il) = Z^".'^" 

and " 

|/((»),> = Z^'nPS’’ 

5 

where pi*’ is a p.-orbital on the h"’ ligand localized on the .s"’ centre. 


( 20 ) 



.142 


M. Krai ei al 


lablc 1 Malru elements ' t'l 2 / 1 -/ 

Malrix 1 leiiiLMil 

j 


j 

k 


■ I't,,.!' :-k'.. 


0 

0 


1) 

w If':/',. 


• 1 

. : 2p / 

0 


0 



t \ 




'</, / 


u 

'M-l - |2/>./ 


0 




i/'ll 
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lahlc .1 Mann cIcniciiK ■ 2/>Jr ^ ^ 


2/1 ,r ■ I'l 

2/- |r • I I 1./, 

!r - M '<1, 

.’/I ir ■ I I '</ . 

k ' • l'</, 


II 

II 

II 


1 * ■ 


II 

II 

II 

(I 


1 he matrix elements < »i^|f'’|/(/i),> and (/(/iljrx arc therefore give 

by a stim of two-center integrals taken over normalized Slater orbitals: 

< UkKO (2 

and 

<nj,m'‘\r>: f'’\nJ„nO . Cl 

Hie non-vanishing matrix elements of the operator V can be found by standar 
group-theoretical methods [19.20]. Their components arc given in Table 1. 1 
addition the matrix elements of the operator (r x T) may be expressed as ovcrla 
integrals [ l.s], and their non-zero components are given in Table 2. 

C'alculiitiun of for ( — >-Fe(phen)^ - 

The complex is schematically illustrated in big. I. F-or simplification only tf 
donor atoms are indicated and the bidentate ligands are replaced by thick line. 
I'he symmetry of the entire complex ion is taken as D,. In Fig. 1 the unit vcctoi 
used to describe the positions of the ligands are shown. These have been chose 
in such a way that for ligand 1 all the vectors arc positive. Referred to this choit 
the positions of ligands 2 and 3 are given as follows: 

/.(I) L{2) 

i k 

j -« 

-j 


/.(3) 



i 
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Fig. t. Unit vectors describing the ligand pttsilions 


The distances of the carbon and nitrogen atoms from the central metal inn are 
given in Table 3. Of these values only the bond distance Fe N has been experi- 
mentally determined [21]. 

Studies of the magnetic properties of the complex ion ( — Ff elphenls*^^ have 
shown that the ground state is a magnetic singlet stale [22], i.e. the function 
IM") in the expressions (7). (9) and ( 10) can be written 

IW") = (24) 


where nii are the atomic orbitals of the metal [23], 



and 


in 2 = 



(■V.V) + 



(25) 


nij = (2^), 

the expressions in brackets, e.g. (.v^ — y^), being the real d orbitals. 

We now turn to the electron transfer states. The optically active transitions 
can easily be identified because these arc the electronic transitions possessing 
mutually dissymmetrically oriented transition moments [24]. In Dj symmetry 
the transitions locali^ted on the metal atom are polarized either parallel or per- 


Tablc .1 Interatomic distances in Fclphcn)i ^ 

M-X Bond length in A M - X Bond length m A 


Fc N, 

1 -y? 

Fc L\ 

5 - 10 

Fe N,„ 


Ic t , 


Fe- C'j 

3- 12 

Fc f,, 

2-68 

Fe 


Fe C ,, 


Fe C, 

4 - .36 

Fe C -,3 

4 07 

Fe C, 


)*e C 14 


Fe C* 

4-73 



Fe-f, 





344 


M. Kr^l el al. 



pcndiculiir lo the C, axis. In an o-phenanthroline molecule the electronic tran- 
sitions are p<duri/ed eitlicr along the long axis (r) or along the short axis (.v) 
(see I ig. 2). In the inoleeiilar getimetry of the complex the transitions polarized 
along the short ( v) axis are parallel to the molecular axis. The transition 
moments of the </- (/-transitions have the same orientations; it follows that the 
charge transfer transitions arc optically inactive. On the other hand the ligand 
transitions polarized along the long (y) axis yield a dis-symmetric transition 
moment mirrored by the transition moments of the d- (/-transitions. Hence 
these bands will be optically active. 

A study of the electronic spectra of l.lO-phcnanthroline has revealed that the 
transit ions polarized along the long axis originate from theexitation of an electron 
in the highest filled n orbital to the second empty ;:-antibonding orbital [25]. 
riiis is therefore the molecular orbital into which we excite a (/-electron. 

Numerical Calculations 

I'he carbon and nitrogen atomic functions were taken in mono-C form with 
the values - 1 5679 and - I ^ITO |26]. The atomic iron function used 
had a vlouble zeta form L-^J- 

lTe(II)..3(/»i"> --- (1.5661 |Ke(II),.3(/w“;,> -t0.586()|Fe(ll),5(/»i“;,> 

with 

s,=5-35 and Cj-- -(>• 

In addition the SCT- moicculai orbitals given for o-phen by Ito cl iil. [28] 
were used. The rotatory strengths of the transitions '.4, ->'.4, and '.4,-»'t' 
were then calculated, and the results are compared with the corresponding 
experimental values for these transitions in Table 4. The experimental figures 
were calculated from data published in the literature [29. .10]. 

The theoretical and the experimental values of the oscillator strengths of 
these transitions are also given in Table 4. 


I able 4. CulculaKsi and experimental results 


I runsitioii 

R in egs 

R'*’ III cjis 

Oscillator 
strengths J 


'.4, ^'.4, 

+ 5 K0I0 
-7 :i.io 

+ t .V«.IO '• 

- 1 62.10 ” 

6 -78.10 ’ 

7., 70.10 ^ 

8 -7.10 - 
1 03.10 ' 




Rotatory Strengths 


345 


I^scosskMi 

In order that the calculated and experimental rotatory strength of a certain 
transition might be compared it is, of course, necessary to make a spectral iden- 
tification. For the electron transfer transitions found in the complex 
(-)-Fe(phen )3 ^ we have assigned the 21400cm~' band as due to the transition 
Ml ->‘^2 and the 19600cm“‘ band as due to the transition This 

means that the negative component of the CD curve was assigned to the long 
wavelength transition while its positive component was assigned to the short 
wavelength transition. This identification is in agreement with the proposal of 
Orgel [31], and yields reasonable agreement with the experimental results. 

If we compare the theoretical values of the rotatory strengths with the corres- 
ponding experimental data (Table 4) we see that for both types of transition 
l{(theoretical) is greater than /{(experimental) by a factor of about four. Presumably 
this means that the electron transfer state is not the pure state described by the 
wave function (8), but is mixed with mono-excited states localized on the ligands. 
Such mixing may lower the rotatory strengths of both transitions since the ro- 
tatory strengths of the transitions localized on the ligands can differ in sign. 
Presumably the oscillator strengths of the pertinent transitions, which are about 
ten times lower than the experimental values, would he increased at the same time. 


A( kiiowl(‘ilnfmenl\. M.K. thanks the C'/cchoslt>vak Ministry of l.ducalion for the grant which 
enabled him to spend the Spring of IV61I in Denniurk. We express our gratitude to Dr, Aage 1-. Hansen 
for clarifying discus.sions. 
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The question of whether or not fluorine substitution produces charge alternation is examined for 
('H 4 and C'H 1 1 '. Two sets of ah iniiio l.( AO SCI- MO wavefunctions (one a 3 O S I'O based one. the 
other a double 7 eta based onci arc analyxed ria charge density, loeali/cd Cl I bond moment, and 
population analysis calculations. Although both sets of wavefunctions show a slightly more negative 
1 1 region in CH.|l' relative to CH 4 . in qualitative agreement with curlier work by Pople ei id., the dilTe- 
renecs are small, and their sources arc not clear. For example, in the 3 Ci caleulaiioas the Cl I loeali/ed 
orbital is the essential sourw of the increased density in CM ,F'. while for the double /eta calculations 
the increased density is due to the tail of an F lone-pair orbital trim to the CM bond. Consideration of 
details of the.se studic’s as well as those from large STO bused SCF' MO wuvefunclions by Arrighini 
I'l al.. suggests that one will nexx! very accurate wavefunctions to resolve the problem unambiguously 

Key uiirds Charge density Atomic charge Inductive effect Lix;ali/ed orbitals 


Introduction 

In an early application of the CNDO semi-empirical self-consistent field 
molecular orbital (SCF MO) method, Pople and Gordon [I] studied substituent 
effects and dipole moments in a series of simple organic molecules. They found the 
rather surprising result that fluorine substitution in a saturated hydrocarbon 
gives rise to a charge alternation effect, instead of inducing a positive character 
which diminishes down the chain (as suggested by older concepts of the inductive 
effect). For example, the hydrogens in CHjF were predicted to be more negative 
than those in CH 4 . The consequences of this charge alternation were discussed and 
shown to be consistent with dipole moment data. However, Schwartz, Coulson, 
and Allen [2] later analyzed the Mulliken population charge distribution from 
ah initio SCF MO wavefunctions (based on atomic SCF orbitals) for the fluorinated 
methanes and obtained the opposite results - to charge alternation. But later, 
Hehre and Pople [3] utilized their optimized minimum Slater orbital basis set 
approach to find ah initio SCF MO population analysis results in essential 
agreement with the earlier CNDO ones. In the present paper we consider this 

* The Radiation Laboratory is operated under contract with the tJ.S. Atomic Energy Commission. 
This i.s AEC document no. COO-38-847. 
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problem in a more detailed way, to try answer the question of whether charge 
alternation docs or does not occur. 

Let us briefly outline why we believe the previous investigations are incon- 
clusive, and then our own approach to the problem. Firstly, the charge distri- 
butions of the preceding work were taken from Mulliken population analyses [4] 
of the wavcfunction, which do not correspond to direct examination of the elec- 
tronic distributions, and which are sensitive to basis set composition. Secondly, 
since CNDO is a calibrated semi-empirical theory and the ah initio SCF MO 
results were based on modest basis sets, there are possible ambiguities in the 
previously considered wavefunctions. irrespective of how they might be analyzed. 
We eliminate the first of these ambiguities by direct examination of the electronic 
density. This is done not only for the total density but also, for further eluci- 
dation. by a partitioning of the density into contributions from the chemically 
appealing localized molecular orbitals [5] (LMO’s). In this connection we also 
exa'mine average values of some electronic po.sition operators for the LMO's. 
I'he basis set question is con.sidcred by examination of two different sets of ah 
initio l.C'AOSC'F MO wavefunctions we have determined one with a modest 
basis set, and the other with a more extended, more flexible ba.si.s .set. In this 
paper we c(»nsider just the two molecules CH 4 and CH ,F, which are the simplest 
appropriate molecules. Although charge alternation is not as large here as in 
other molecules 1 1 ] it does exist, and, of course, the systems are small enough 
for careful examination. 

Examination of the electronic densities throughout the entire 3-dimensional 
regions of the molecules is unreasonable, and wc employ the simpler approach 
of investigating densities along the C'H internuclear lines. This is clearly suf- 
ficient for C'll^, because the tetrahedral symmetry forces the CH regional den- 
sity to be concentrated about this line. In CHjF there is no rigorous a priori 
reason to anticipate this, although chemical intuition suggests it. But as wc 
shall observe later, our analysis will substantiate this approach. 


Results and Discussion 

For direct comparison with previous work, wc have first repeated the 3G 
optimized STO basis calculations of Hehre and Pople. [3] Figure I displays the 
resultant total electronic densities along the CH lines. It shows that indeed 
there is more density in the proton region in CH3F than in CH^, in accord with 
the earlier population analysis results [3] for the same wavefunctions. This more 
negative character of the CH^F protons can be further probed with the LMO’s. 
Table 1 shows the total densities in CH 4 and CH 3 F as well as the contributions 
from the appropriate CH bond LMO. After the large density region near the 
carbon atoms is passed, the total densities are almost entirely due to the 
CH LMO's. Paralleling the total densities in the CH regions of the molecules, 
the CH LMO of CH 3 F has a greater density than that in CH 4 . The total density 
differences and CH LMO density differences are not precisely the same, of 
course, since no orbital is entirely localized, and the “tails" of other orbitals 
can contribute to the density in the CH region. But for this minimum basis set 
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PER CENT ALONG CH BOND 

Fig. I. Total electron densities along the C H line in CH 4 and CH ,F. Set A presents the JG STO 
results; set B. the double zeta results. In both cases the C'H.,F density is the upper curve 


Table I Total and CH I.MO density for both CH,F and CH 4 with minimum basis set 


\R(C H) 

CH,F 

Total density 

Density due to 

CH LMO 

CH 4 

Total Density 

Density due to 
CH I.MO 

24.6 

0.58276 

0.22194 

0.57362 

0.21449 

58.7 

0.26478 

0.26455 

0.26105 

0.26085 

77.9 

0..308.50 

0.30546 

0.30216 

0..30041 

87.8 

0 35392 

0.34690 

0.34245 

0.33877 

97.4 

0.36648 

0.35626 

0.35117 

0.34587 

100.0 

0.36018 

0.34963 

0.34471 

0.3.3919 

107.3 

0.31.300 

0.30278 

0.29885 

0.29361 


calculation the essential source of the more negative proton region in CH3F is the 
difference between the CH localized bond orbitals. Further illustration comes 
from the electronic bond moments of the CH LMO's: <r> = 1. 4399 a.u. in CHjF 
and 1.4263 a.u. in CH4. That is, the average CH electronic positions are nearer the 
proton in CHjF. The average CH bond moment in CH3F does not lie precisely 
on the CH internuclear line (as it must by symmetry in CH4), but lies only 17.6' 
calculation the essential source of the more negative proton region in CHjF is the 
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liihlc 2 1 iiial and C H I, MO density for both <'H ,1- and C'Hj with double zeta basus set 


'■■■« l< II) (11,1 C'H* 



I dial dL'tiMly 

Density due to 
( II I.Mt) 

Total density 

Density due to 
CH l.MO 

MMX, 


U 77097 . 

0.7h2.t6 

0.25993 

MMHi 


0.79059 

0.7901,1 

0.29041 


(1 U)714 

0 3(i797 

0.30527 

0.36415 

<)7 (X, 

(l4M)iO 

0 45791, 

0.45fi5(, 

0.4.543X 

KHiDO 

()47t7y 

0 4r>605 

0.47001 

0.46747 

1 |0(Kt 

().’y7lll 

0 79179 

0.297 IX 

0.29.507 


hy this iivcnujc C’H tncimcnl, comparison with C'lla yields the same conclusion 
as before a more netiative protttn region, due to the C'H LMO. 

lo acquire a more realistic density description we determined a second set 
ol waveltinctions by employing a “double zeta" quality basis set [6] derived from 
gaussian expansions of atomic .SC’K orbitals (essentially the same basis set used 
by Haseh, Robin, and Brundlc in their recent examination of the fluorome- 
tliiines [7]). I'.xperimental molecular geometries were taken from the summary 
of ( iordon and Fople ( S] The resulting data are summarized in Fig. 1 and Table 2. 
The calculated C’ll l.MO moments were found to be <r> = 13910 in (. Hjl- 
and 1.3719 in ('ll 4 , and the average CH moment in CHjF lies only 18.4' outside 
the ( 'l l intcrnuelear line. The proton region is again calculated to be more negative 
in CH ,F than in CH^. but the difference is smaller than for the 3 G STO wave- 
functions. 

Notice, however ( Table 2), that for this more extended basis set the density 
near the hydrogen due to the CH LMO in C is greater than in CH , T : here the 
CH localized orbital alone diK-s not account for the total density difference in the 
two molecules. When the density due to the CH LMO plus nearest neighboring 
LMO's arc compared for both molecules, it is found that all of these l.MO's 
collectively cannot account for the more negative character of the protons in 
CH ,F. The next highest contributing component comes from the fluorine lone 
pair LMO which is pointing in a ira/ix manner away from the proton. (F lone 
pair LMO's arc staggered with respect to CH LMtTs). The tail of this orbital is 
thus directed back at the proton and contributes to its electronic density. Thus, 
the total density difference might be attributed to the fluorine's contribution, of 
which the traius orientated fluorine lone pair is the principal donor. This donation 
in part, at least, is due to electronic rearrangement caused by molecular formation 
and not to a “spilling over" of density from the fluorine atom. This is substantiated 
by calculations showing that the density contributed by either a fluorine atom 
or fluorine negative ion (when examined at distances comparable to those in 
CHjF) is an order of magnitude smaller than that contributed by the center 
while in the molecular environment. 

Notice by examination of Fig. 1 that the calculated charge density near 
the protons with the extended basis set is considerably greater than that in the 
minimum basis set. Calculations of the gross atomic population by use of 
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Double zeta ba.sis 

3G STO basis 



CH,F 

CH. 

CH,,F' 

CH 4 

Carbon 

6.1294 

6.7507 

5.8316 

6.0758 

Flydrogen 

0.8287 

0.8123 

1.0044 

0.9811 

Fluorine 

9.3846 

— 

9.1.552 

- 


Mulliken's analysis for both molecules are summarized in Table 3. In a quali- 
tative way the population analysis seems more closely to coincide with the CH 
bond moments than it does with the charge density at the hydrogens. Neither 
bond dipole moment nor population analysis makes apparent the substantial 
change in charge density at the hydrogen as a function of basis set shown in the 
figure. Both predict a greater charge density further out along the CH bond in 
CH,F, but neither reflects the greater density spike in the extended basis set as 
compared to the minimum basis set in the region of the proton. Thus it appears 
that qualitative comparison by use of Mulliken's analysis is limited to similar 
molecules with comparable basis sets. 


Coiicliisioa!i 

Both the minute size of the determined charge alternation as well as its in- 
conclusive source lead us to be wary of establishing a definite view on this pro- 
blem. Furthermore, interpretation of the work on CH 4 and CH 3 F by Arrighini 
el a\. [9] with a still more extensive basis set suggests a further diminished charge 
alternation effect. They found by use of a large STO basis set that the CH LMO 
[10] moments for CH 3 F and CH 4 were nearly equal [<r> = 1.390 for CH 3 F 
and <r> = 1.386 for CH 4 ]. Perhaps such small effects as charge alternation 
cannot be unambiguously resolved short of essentially solving the problem 
exactly. 
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Recensio 


CbeiaiciatcrTlclit kcnte (Cbeaiiatr}' today). Ein Handbuch fOr Lehrer. herausgegeben von der 
)ECD (Organization for Economic Cooperation and Development). Frankfurt am Main-Berlin- 
lanchcn : Verlag Moritz Diesterweg, 1972, 392 S., 38, — DM. 

Das vorliegende Werk ist dem Chemieunterricht gewidmel, ein Gebiet auf dem in der deutsch- 
prachigen Literatur zweifellos ein Nachholbedarf besteht. Achtzehn Beitrdgc von Wissenschaftlern 
erschiedener Nationalitdt sind in dem Band, einer Obersrizung aus dem Englischen, gesammelt. 

Den Theoretiker interessiert, inwieweit die theoretische Behandlung chemischer Probleme in 
iner solchen Sammiung berGcksichtigt worden ist. Die Betonung der physikalischen und allgemeinen 
.'hemie in der Themenauswahl ist bemerkenswert. Fiir die Besprechung an diesem Ort seien die 
'.apitel 4 und S von E.Cartmell and H. Fromherz herausgegriffen, die sich mit der Thcorie der Elek- 
'onenhulle bcschailigen. Es ist klar, daQ gerade bei der Behandlung dieses Stoffes eine hohe An- 
3rderung an das didaktische Geschick gcstellt wird. darf doch scibst bei einer knappen Darstellung 
lit minimalen Voraussetzungen an die Vorkenntnisse des Lesers die wissenschaflliche Exaktheit 
ler Aussage nicht geopfert werden. Bei den betedeten Artikeln ist dies nach Auffassung des Rezen- 
enten unterschiedlich geglQckt. Wkhrend der Artikel von E.Cartmell Qber den Atomhau das Thema 
inwandfrei abhandelt, stimmen Redewendungen in dem Artikel von H. Fromherz iiber die Natur 
ler chemischen Bindung bedenklich. Don ist von „Verzahnung von ungcpaanen Elektronen" und 
.Vervollstgndigung der Achterschale" die Rede; der mesomcrc Zustand wird mit einem Maulesel 
ind einem Rhinozeros verglichen. Derartigc Wendungen verschleiem den Charakter der abzu- 
landelndcn Modelle mehr ak daB sie dem Interessierten weiterhelfen. In einem Handbuch fQr Lehrer 
rdre eine priizisete Ausdrucksweise und eine anspruchsvollere Behandlung durchaus angebracht 
lewesen. - Auf die Darstellung in den anderen Kapitein kann nicht weiter eingegangen werden. 

Horst Hcydtmann 
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